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ABSTRACT 
 
SLEEP-DEPENDENT CONSOLIDATION OF MOTOR SEQUENCE LEARNING 
AND MOTOR ADAPTATION IN HUMAN LOCOMOTION 
 
MAY 2019 
 
GABRIELA BORIN CASTILLO 
 
B.S., UNIVERSITY OF SÃO PAULO, BRAZIL 
 
M.S., UNIVERSITY OF SÃO PAULO, BRAZIL 
 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST, UNITED STATES 
 
Directed by: Julia T. Choi, Ph.D. 
 
Walking is a complex task that requires precise coordination of many muscles and 
joints. The nervous system must continually learn how to control gait patterns as changes 
occur to the body (e.g., injury and fatigue) or environment (e.g., slippery floor). Motor 
learning refers to processes that improve the spatial and/or temporal accuracy of a 
movement through motor practice. Although additional hours of practice can improve 
motor skill performance (online learning), time without additional practice (offline 
learning) can further enhance motor learning. Consolidation refers to the process by 
which motor (procedural) memory becomes more robust and stable after the end of a 
practice session. Recent studies have demonstrated that considerable consolidation may 
occur, either preferentially or exclusively, during sleep. This is referred to as sleep-
dependent consolidation. The aim of this dissertation was to examine the role of sleep in 
the consolidation in two different locomotor tasks: locomotor sequence learning and 
locomotor adaptation. 
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In the first study, participants practiced a sequence of visually cued step lengths 
during forward walking. Participants were subsequently tested, either with an untrained 
gait pattern (backward walking) using the same visual cues to probe transfer in the 
perceptual domain, or with the same gait pattern using different visual cues (inverted 
screen) to probe transfer in the motor domain. Transfer was assessed immediately 
(immediate transfer), and 12 h later (delayed transfer), following overnight sleep or a 
period of daytime alertness. We found minimal immediate transfer in the perceptual 
domain; however, the backward pattern improved by about 10% following a 12-h interval 
that included sleep. In contrast, the backward pattern only improved by around 1% 
following a 12-h interval awake. This suggest that sleep was important for delayed 
generalization of perceptual learning. Transfer in the motor domain was similarly 
improved over a 12-h interval, with or without sleep, indicating that time-dependent 
processes were involved in delayed transfer of motor learning. 
In the second study, participants performed a split-belt treadmill walking task 
with a 2:1 speed ratio over 15 min of training. Savings (i.e., faster re-adaptation) of the 
2:1 split-belt walking pattern were assessed immediately (immediate savings), and again 
12 h later (delayed savings) following an awake period (awake group), or an identical 
period of time that included sleep (sleep group). Participants in the sleep group showed 
delayed savings in step length symmetry compared with those in the awake group, 
suggesting that sleep was beneficial for spatial locomotor adaptation. Temporal 
locomotor adaptations showed immediate savings, but delayed savings were not 
enhanced after a 12-h awake period or 12-h period that included sleep. 
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In sum, we showed that consolidation of locomotor skills involves both parallel 
and distinct processes for motor and perceptual learning, as well as spatial and temporal 
control of gait. Some of these processes appear to preferentially or exclusively operate 
during sleep. The nervous system’s ability to differentially respond to various training 
schedules should enable clinicians to tailor rehabilitation regimes for gait recovery while 
maximizing rehabilitation outcomes and training efficiency. These appear to be of equal 
or possibly greater importance than the actual amount of practice.
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CHAPTER 1 
 
INTRODUCTION 
1.1 Background 
Motor learning refers to processes involved in improving spatial and/or temporal 
accuracy of a movement through motor practice; however, the brain does not stop 
processing information at the end of motor practice (Karni, Meyer et al. 1998, Krakauer 
and Shadmehr 2006). Although motor skill performance can be improved by additional 
hours of practice, long-term retention of motor skills also depends on “offline” learning 
and stabilization of memory after training (Robertson, Pascual-Leone et al. 2004). The 
acquisition phase is the period of time wherein movements are learned during practice, 
whereas the consolidation phase refers to processes that allow newly acquired motor 
patterns to be strengthened after practice. The consolidation of procedural (motor) 
memories progresses from an initially labile memory trace that is susceptible to 
interference to a more robust and stable state that is resistant to such interference (Huber, 
Ghilardi et al. 2004, Doyon, Korman et al. 2009, Robertson 2009). Sleep has been 
suggested to play an important and active role in the consolidation of multiple forms of 
memory (Walker and Stickgold 2004). Gaining a better understanding of the mechanisms 
by which motor skills are both acquired and consolidated will improve our understanding 
of how motor learning occurs, thereby facilitating application of this new knowledge to 
optimize motor learning in various populations. 
Although motor learning and consolidation has received ample attention in upper 
limb studies, few motor consolidation studies have focused on human locomotor 
learning. Upper limb studies have generally focused on two hypothetical motor learning 
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paradigms: motor sequence learning and motor adaptation. Motor sequence learning 
involves the assembly of different movements into sequential actions that generate a new 
behavior (Hikosaka, Nakahara et al. 1999). The motor sequence typically becomes more 
automatic as learning progresses (Nissen and Bullemer 1987). Once a new sequence is 
learned, it can be subsequently recalled in the appropriate context. Motor adaptation is a 
calibration process that  maintains certain movement characteristics (e.g., limb trajectory) 
of already well-learned behaviors with external perturbations. The process involves 
recalibrating the brain’s prediction of how the body will move (Bastian 2008). 
The upper limb motor sequence learning and motor adaptation literature has 
established common principles of sensorimotor learning and consolidation. For example, 
a newly learned motor pattern can be lost if the individual immediately attempts to 
acquire a conflicting motor calibration (Shadmehr and Brashers-Krug 1997) or sequence 
(Walker, Brakefield et al. 2003). Upper limb studies have also revealed distinct processes 
for motor adaptation and sequence learning. For example, although it appears that sleep 
strengthens motor sequence learning (Cohen, Pascual-Leone et al. 2005), there is little 
evidence for sleep-dependent consolidation of motor adaptation (Donchin, Sawaki et al. 
2002). Studies of locomotor learning typically use motor adaptation paradigms, for 
example, use of split-belt treadmills or robots to introduce dynamic walking perturbations 
(Reisman, Block et al. 2005, Lam, Anderschitz et al. 2006, Emken, Benitez et al. 2007). 
The proposed studies will examine the consolidation of locomotor adaptation versus 
locomotor sequence learning tasks and the effects of sleep to bridge our understanding of 
the general principles that govern sensorimotor learning across the upper and lower limbs 
and to complement the research on locomotor adaptation. 
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Walking is a unique motor behavior because, unlike other voluntary movements, 
central pattern generators afford the spinal cord nearly autonomous control of basic 
locomotor synergy in many animals (Grillner and Wallen 1985). In humans, the activity 
of this spinal network depends significantly on supraspinal control centers such as the 
cerebellum and motor cortex (Morton and Bastian 2004, Drew and Marigold 2015). 
Moreover, the motor circuits in the human brain and spinal cord are specialized to meet 
the functional requirements of bipedal walking (Nielsen 2003). Human walking is a 
complex motor task that requires precise coordination, timing, and scaling of many 
muscles that act across multiple joints. As an example, the foot must be sufficiently lifted 
above the ground to prevent stumbling during the swing phase, but no more than 
necessary to minimize cost. Consequently, each foot only lifts by 1–2 cm above the 
ground during normal walking, and the position of the foot varies by less than 4 mm from 
step to step (Winter 1992). It is remarkable how the nervous system has learned to 
accomplish this effortlessly during normal locomotion. Moreover, our nervous system 
can constantly adapt the kinematics of walking to novel contexts (e.g., walking in heels) 
or changes in the behavioral goal (e.g., walking over an obstacle). The complexity of 
these flexible control processes is apparent during observation of individuals with 
neurological diseases. 
How do we create long-term locomotor memories? Previous work has 
demonstrated that people have the ability to store new walking patterns, such as those 
acquired while walking on a split-belt treadmill. This locomotor adaptation imposes 
different walking speeds on each leg (Reisman, Block et al. 2005, Choi and Bastian 
2007). During motor adaptation tasks, the behavioral correlate of memory consolidation 
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is characterized by faster re-adaptation when the same task is practiced twice, an effect 
known as savings (Debas, Carrier et al. 2010). In the context of split-belt walking, the 
amount of savings is influenced by the initial learning conditions (e.g., larger 
perturbations led to more savings), as well as the duration of practice in the new 
environment (Roemmich and Bastian 2015, Leech, Roemmich et al. 2018). Although the 
cerebellar–cortical pathway is involved in locomotor adaptation (Morton and Bastian 
2006, Choi and Bastian 2007), the neural substrates governing the formation of long-term 
locomotor memories remain largely unknown (Mawase, Bar-Haim et al. 2017). 
In motor sequence learning tasks, consolidation is manifested behaviorally as 
improved performance on a motor task during delayed recall, which occurs without 
additional practice. This effect is known as offline learning (Walker, Brakefield et al. 
2002, Korman, Raz et al. 2003). Previous studies of sequence learning have almost 
exclusively focused on upper limb motor tasks. Recently, a single study showed that 
participants were also able to learn a specific step length sequence over several minutes 
of gait training (Choi et al 2016). After training, participants performed better on the 
repeating sequence, compared with random sequences. This suggested that participants 
learned the sequence of visual stimuli (perceptual learning), the sequence of motor 
responses (motor learning), or both to successfully plan for and control precise foot 
placement. It is unknown if or how this type of locomotor sequence learning is 
consolidated. To further understand motor adaptation and motor sequence learning in the 
context of human locomotion, the proposed studies will examine common and task-
specific locomotor learning processes across two experimental paradigms (locomotor 
sequence learning versus split-belt walking adaptation). 
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Does sleep play a role in the consolidation of locomotor memories? Previous 
studies have demonstrated that movement speed, during a finger movement sequence, 
improved (indicating learning) after a 12-h interval that included sleep when compared 
with a 12-h awake interval in young adults (Spencer, Gouw et al. 2007). Overnight 
improvements in procedural memory are associated with stage 2 non-rapid eye 
movement (NREM2) sleep (Walker and Stickgold 2004). This suggests that the role of 
sleep is not entirely passive, and functions are more than just transiently shelter memories 
against interference. Rather, sleep-dependent memory consolidation seems to represent 
multiple processes that actively contribute to learning consolidation of declarative 
memory (Born and Wilhelm 2012) and procedural memories (Fischer, Hallschmid et al. 
2002, Gais, Molle et al. 2002, Korman, Doyon et al. 2007).  
Most sleep studies have primarily focused on motor sequence learning, however 
evidence of consolidation is limited to offline learning (Walker, Brakefield et al. 2002, 
Walker, Brakefield et al. 2003), as opposed to resistance to interference (Krakauer and 
Shadmehr 2006). On the other hand, the benefit of sleep on motor adaptation has been 
demonstrated with using visuo-motor adaptation tasks (e.g., visuomotor rotation, mirror- 
tracing) (Plihal and Born 1997, Mantua, Baran et al. 2016). A recent study showed that 
sleep-dependent consolidation of visuomotor adaptation was associated with increased 
slow wave over in the right parietal cortex (Wilhelm, Kurth et al. 2014). The increase in 
slow-wave activity is thought to be a result of enhance neuronal synchronization, as a 
consequence of increase in synaptic density and efficacy (Wilhelm, Kurth et al. 2014). 
To the best of our knowledge, no previous studies have investigated the effects of 
sleep on the consolidation of locomotor memories. The one previous study that 
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investigated consolidation of lower limb learning used an inverted-cycling task (not 
locomotor per se), and did not find benefits from a 2-hour midday nap. However, their 
results suggest that midday sleep may play a role in modifying memories that were not 
relevant to real-life activities (Hoedlmoser, Birklbauer et al. 2015). My dissertation will 
test the hypothesis that sleep plays an active role in the consolidation of locomotor 
learning. Thus, this work will provide unique insight into the role of sleep in 
consolidation of learning involving the lower limbs, and in the context of locomotion. 
1.2 Significance  
The proposed work has theoretical significance. We will test the hypothesis that 
sleep plays an active role in the consolidation of locomotor learning. Typically, 
consolidation of motor memory involves practicing task A à task B à task A, while 
varying the time interval between tasks A and B. Using a motor adaptation task where 
participants had to learn to make reaching movements while interacting with a force-
producing manipulandum (Shadmehr and Brashers-Krug 1997), the authors demonstrated 
that the motor memory for task A was lost when the opposing task B was experienced 
soon after, but became resistant to interference from task B if sufficient time was allowed 
to pass (~6 h). In contrast, studies of finger movement sequences have not consistently 
shown decreased interference with passage of time (Bock, Schneider et al. 2001, Goedert 
and Willingham 2002, Caithness, Osu et al. 2004, Krakauer, Ghez et al. 2005). The role 
of time versus sleep in the consolidation of procedural memories remains unclear 
(Doyon, Korman et al. 2009, Debas, Carrier et al. 2010, Albouy, Fogel et al. 2013). The 
proposed experiments will determine how overnight sleep, versus passage of time, 
contributes to the consolidation of locomotor memories. We predict that the 
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consolidation of locomotor sequence learning will be sleep-dependent, whereas that of 
locomotor adaptation tasks will be promoted by only time. 
The proposed work has translational significance. Sensorimotor adaptation and 
learning are fundamental to locomotive flexibility. Current rehabilitation treatments that 
use error-based adaptation strategies are of considerable interest to the rehabilitation 
community (Bastian, 2008; Reisman, Bastian, and Morton, 2010; Nielsen et al., 2015). 
However, the role of sleep in enhancing and stabilizing motor performance gains during 
neurorehabilitation has not been thoroughly considered. The findings of this study will 
help improve understanding of wake-dependent and sleep-dependent motor memory 
consolidation. An understanding of how the nervous system differentially responds to 
different training schedules will enable clinicians to customize rehabilitation regimes to 
maximize recovery from patient-specific gait disorders, thereby maximizing training 
efficiency. We expect the proposed work to inform future development of improved 
neurorehabilitation approaches by elucidating mechanisms that control offline learning 
and facilitate faster relearning (savings). 
1.3 Specific Aims 
We examined the consolidation of two types of locomotor learning: motor 
sequence learning and motor adaptation. Specifically, we compared the role of sleep 
versus time awake on the consolidation process by measuring locomotor performance 
during delayed testing sessions. These sessions occurred after a 12-h interval of overnight 
sleep, or an equivalent interval spent awake (Figure 1.1 A). 
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Specific Aim 1: To investigate the consolidation of locomotor sequence learning. 
Motor sequence learning comprises learning across two dimensions: learning the 
sequence of movement responses (motor or muscle-based learning) and learning the 
sequence of response goals (perceptual or goal-based learning) (Figure 1.1 B). Based on 
previously established paradigms for motor sequence learning (e.g., serial reaction target 
task (SRTT) ) (Robertson 2007), we used a locomotor sequence learning paradigm to 
investigate consolidation of a locomotor learning, as well as the influence of sleep on this 
process. Furthermore, we developed and used a new paradigm to dissociate perceptual 
learning from motor learning of a locomotor sequence. Consolidation of motor and 
perceptual locomotor skills measured after a 12-h interval with or without sleep to 
determine whether it is the passage of time or sleep that improves offline learning.  
 
Hypothesis 1.1: The perceptual and motor aspects of locomotor memory are processed 
separately after practice, and this will be reflected in different offline gains for motor and 
perceptual skills over 12-h intervals. 
 
Hypothesis 1.2: Motor consolidation is wake-dependent and will exhibit greater offline 
gains than perceptual consolidation during the day. Perceptual consolidation is sleep-
dependent and will exhibit greater offline gains than motor consolidation after overnight 
sleep. 
 
Specific Aim 2: To investigate the consolidation of locomotor adaptation. The aim of 
this experiment was to investigate the consolidation of a locomotor adaptation task by 
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using a split-belt treadmill (Figure 1C). Previous studies have demonstrated savings of 
split-belt walking adaptation by measuring the rate of adaptation and re-adaptation in the 
same session (e.g., split A à split A). However, it is still not clear how savings of 
locomotor adaptation memories evolve over time, with or without sleep. We measured 
savings of split-belt walking adaptation immediately (30 min) or 12 h after the initial 
practice session. Interference trials (i.e., with belt speed ratio reversed) were used to 
challenge the robustness of the locomotor memory (e.g., split A à split B à split A). 
Sleep-dependent consolidation was tested by comparing delayed recall performance after 
an interval of overnight sleep (e.g., 8 pm to 8 am) or an equivalent interval awake (e.g., 8 
am to 8 pm). Based on previous studies, we expected to observe spatial (e.g., step length) 
gait parameter savings (Roemmich and Bastian 2015). 
 
Hypothesis 2.1: Savings will be enhanced during delayed testing (12 h) compared to 
immediate testing (30 min) because memory stabilizes over time. Alternatively, 
locomotor memories from split-belt adaptation may be temporally labile. If confirmed, 
we may see diminished savings on delayed testing after 30 min. 
 
Hypothesis 2.2: Retroactive interference will be temporally graded during the spit-belt 
locomotor adaptation task. That is, interference of B on A will decrease as the time 
interval between initial learning of A and subsequent learning of B increases. We predict 
diminished savings when split B is practiced 30 min after split A, but not when split B is 
practiced 12 h after split A. 
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Hypothesis 2.3: The rate of re-adaptation during delayed testing will be similar after a 
12-h awake interval, or an equivalent 12-h interval with sleep, suggesting that savings 
associated with split-belt walking adaptation (in contrast of perceptual locomotor 
sequence learning) do not rely on sleep-dependent consolidation. 
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A  
 
 
 
B          C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1  Summary of Specific Aims 
The proposed studies will examine the role of sleep vs. time awake (A) on the 
consolidation process consolidation of two types of locomotor learning. We will 
examine locomotor sequence learning in Specific Aim 1 (B) and locomotor 
adaptation in Specific Aim 2 (C). 
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CHAPTER 2 
LITERATURE REVIEW 
2.1  Human locomotion 
Human locomotion requires the subject to overcome gravity to support and move 
his or her weight while accommodating changes in the terrain. To accomplish this, 
Grillner and Wallen (1985) proposed that the neural and musculoskeletal systems must 1) 
generate rhythmic reciprocal flexor and extensor muscle activity that comprises basic 
locomotor patterns, 2) maintain balance by maintaining the body’s center of mass over a 
constantly changing base of support, and 3) adapt locomotor patterns to novel contexts or 
changes in the behavioral goal. 
Human gait can take the form of walking or running. Human walking has a 
characteristic spatial and temporal profile, wherein each stride can be divided into limb-
specific stance and swing phases. Walking patterns feature two periods of double limb 
support (i.e., both feet in contact with the surface) per stride. To walk faster, humans 
typically decrease the duration of limb contact with the ground, increase step length, or 
both (Grillner, Halbertsma et al. 1979). Running is considered a different gait because 
there is an abrupt transition from walk to run (Alexander 1989). Human running is 
characterized by no periods of double limb support, and periods where the participant is 
airborne (i.e., no contact with the surface). The proposed studies will focus on only 
walking. 
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2.1.1 Inter-limb coordination during walking 
Walking requires precise, bilateral coordination of lower extremity movements. 
Interlimb coordination must be strictly controlled because of the greater equilibrium 
demands required for bipedal (as opposed to quadruped) locomotion. Interlimb 
coordination is often disrupted after central nervous system damage (e.g., stroke). The 
human capacity for interlimb adaptation, and the brain structures involved in this 
adaptation, has been studied using a spilt-belt treadmill task involving adaptation to two 
legs walking at different speeds (Dietz, Zijlstra et al. 1994, Reisman, Block et al. 2005, 
Yang, Lamont et al. 2005). During split-belt conditions, there are rapid changes in the 
swing time and stride length of each leg, making it possible to maintain one-to-one 
stepping on the left and right legs (Dietz, Zijlstra et al. 1994, Reisman, Block et al. 2005). 
In addition, it takes more time (~10 min of training) to adjust movement parameters for 
interlimb relationships, including the time spent with double limb support, step length 
symmetry, and interlimb phasing (Reisman, Block et al. 2005, Choi and Bastian 2007). 
2.1.2 Visually guided walking 
The walking task incorporated real-time feedback that used visual cues to provide 
information to guide steps in a given environment (Peper, Oorthuizen et al. 2012). When 
learning a new motor skill, repetition of movements and explicit visual information may 
direct feedback pertaining to specific actions, thereby improving learning performance 
(Reisman, Bastian et al. 2010). Many studies have investigated the influence of vision on 
anticipating movements for avoiding obstacles or reaching a target while walking. 
Under normal conditions, walking on a flat surface without any obstacles does not 
require visual inputs to place the foot on the ground. In this environment, walking is 
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highly dynamic and efficient; the steady-state gait cycle is controlled by the interchange 
of potential energy and kinetic energy, in interaction with gait mechanics (Matthis and 
Fajen 2014). On the contrary, walking in environments with obstacles or targets requires 
the ambulator to adjust his or her foot placement. In addition, maintaining energetic 
efficiency when walking over a complex terrain, while continuing to take advantage of 
the body’s inverted pendulum, requires the accurate use of visual information from the 
environment (Matthis, Barton et al. 2015). 
The use of optical simulations of obstacles or targets is greatly useful for 
investigating the role of vision during walking. Visual information is generally used in an 
anticipatory manner. Here, participants fix their attention on obstacles two steps before 
reaching the obstacle and often rely on peripheral vision in demanding environments. 
While performing a more complex task, participants continuously adjust their gait 
parameters to achieve accurate foot placement. 
Many studies that analyzed walking only a few steps showed that participants 
quickly process visual information during the swing phase to improve the accuracy of 
stepping. Studies have shown evidence of subcortical pathway contributions by analyzing 
the short latency of these gait adjustments, and comparing voluntary stride modifications 
and reaction time responses (Weerdesteyn, Nienhuis et al. 2004, Reynolds and Day 
2005). 
One study of visual information and gait control examined where visual 
information must be located along the walking path to promote accurate, stable, and 
efficient gait during extended walking (Matthis and Fajen 2014). This study found that 
visual information must be located at least two steps ahead to guide foot placement when 
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trying to avoid an obstacle or to reach a target. The dynamic walking approach to the 
study of human gait helps explain this. During walking, the single-support phase (one 
support leg while the other leg is swinging) conceptualizes the human body as an inverted 
pendulum (Usherwood, Szymanek et al. 2008). There are two determinants of the passive 
trajectory of the center of mass (COM) during a step: the position of the support foot, 
which represents the base of the inverted pendulum, and the push-off force of the 
swinging leg, which determines the trajectory of the COM leading into that step (Matthis, 
Barton et al. 2015). 
Consequently, when landing on a target, the participant positions his or her foot 
on the preceding step and pushes off with the trailing leg. This redirects the COM such 
that the passive motion moves the swinging leg toward the target. The initial velocity of 
the COM is largely determined by the push-off force, beginning just before the double-
support phase. If visual information about the task is available before the beginning of the 
single-support phase, the participant can redirect the COM by applying an appropriately 
scaled push-off force. In other words, it is advantageous to adjust before the step is 
initiated and let passive forces guide the foot to the target with more accuracy (Kuo and 
Donelan 2010). 
2.1.3 Neural mechanisms of locomotion 
Walking does not normally require conscious thought, except when facing a 
challenging environment. The transition between walking and running is largely 
automatized and we are able to focus on different tasks associated with walking. Walking 
can be considered a fundamental motor act that is flexible, able to adapt to different 
environments, and not focused on discrete steps. To understand and treat 
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orthopedic/neurological walking disorders, it is essential to comprehend the basic neural 
mechanisms that control walking (Ghanavati, Salavati et al. 2014). 
Human locomotion is a complex task and involves the interaction of multiple 
neural and muscular structures to generate the walking pattern. During human 
locomotion, the central nervous system generates and controls muscle activity. This 
network must be organized so that the overall muscle activity is scaled appropriately, yet 
at the same time allowing for significant individual muscle flexibility (Nielsen 2003). 
Walking rhythms are generated by a spinal neural network called the central 
pattern generator (CPG) (Pearson and Gordon 2013). Numerous studies have been 
conducted on animals and humans to explore the function of the CPG during walking. A 
CPG has been observed in lampreys (Grillner, Wallén et al. 1987), cats (Brown 1911), 
and primates (Fedirchuk, Nielsen et al. 1998). These studies found that locomotion-like 
movements can be generated, even in the absence of cortical input (Guertin 2012). For 
example, decerebrate cats were able to correct their movement when their paw hit an 
obstacle during a treadmill walking task (Nielsen 2003). 
Several questions remain regarding the exact function of the CPG in humans. 
Human bipedal walking is dependent on both spinal and supraspinal structures, including 
the cerebellum and cerebral cortex. In humans, the corticospinal tract helps control 
voluntary gait modifications executed within challenging walking environments (Clark 
2015), but the corticospinal tract also appears to play a role in non-demanding walking 
(Petersen, Willerslev-Olsen et al. 2012). Many of the basic features of the neural control 
of human bipedal walking are analogous to quadrupedal animal locomotion (Pearson and 
Gordon 2013). Nevertheless, bipedal walking is associated with a unique set of demands, 
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including a significantly greater contribution of higher command centers that control 
postural balance and regulate muscle activity through a monosynaptic connection from 
the motor cortex to spinal motor neurons (Nielsen 2003). 
Another study found that stepping movements could be triggered in humans with 
incomplete spinal cord injuries by electrically stimulating the spinal cord below the point 
of injury (Dimitrijevic, Gerasimenko et al. 1998). Step-like leg movements are also 
observed in newborns, thus demonstrating that movements can be produced at the spinal 
level, because the corticospinal tract fibers are not fully developed and myelinated in 
younger infants (Hubli and Dietz 2013). These findings further confirm the presence of a 
CPG in humans. 
Sensorimotor interactions play major roles in locomotion. The sensorimotor 
system operates by connecting different cutaneous and proprioceptive afferents along the 
spinal cord. Supraspinal structures receive information from ascending spinal pathways 
and other systems, including visual, vestibular, and auditory inputs, which appear to 
interact with CPGs via descending pathways (Rossignol, Dubuc et al. 2006). This sensory 
information may help drive motor neuron activation and corrective reflexes (Nielsen 
2003), provide error signals (Erni and Dietz 2001), and regulate stepping patterns 
(Pearson and Gordon 2013). 
Locomotor patterns are continually adapting to accommodate complex demands. 
Walking on a regular surface is an exception, and limb movements must be flexible 
enough to accommodate different terrains, speeds, and trajectories (Reisman, Block et al. 
2005). Thus, different patterns of coordination are used for various forms of locomotion 
such as walking, running, and walking on curved trajectories (Courtine and Schieppati 
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2004). However, this constant need to adapt can be destabilizing and requires 
coordination of the legs through continuous modulation. 
2.2. Motor Learning  
Learning is considered a relatively permanent change, which results from practice 
or a novel experience in the capability for responding (Guthrie 1952). Motor learning 
refers to the acquisition of a skill or movement capability with practice or experience. 
The outcome of motor learning is called “procedural knowledge,” which might be, for 
example, knowing how to swim or how to manipulate an object. While learning to 
perform a movement, an individual must develop a way of controlling the muscles and 
joints to produce an action and achieve a particular goal. This capability to perform an 
action is highly important and fundamental to human life. Without it, we would not be 
able to move purposefully and efficiently. Thus, the growing interest in this field is 
understandable. 
The study of motor learning is extensive and requires the analysis of different 
parameters, such as biochemical changes that occur within neurons and muscles and the 
biomechanics of movements. Research into motor learning continues to grow, 
particularly with regard to what is learned and how motor skills are represented in 
memory. This study focused on how motor learning occurs through processes of practice 
and the consolidation. 
Several nervous system structures are involved in motor learning. Penhune and 
Steele (2012) reviewed some of the theoretical models of motor sequence learning 
described in the literature. Their model contains the following stages: early learning, 
consolidation, late learning, and retention. In the early stage, the gains in performance 
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occur through practice (Doyon and Benali 2005). After an interval period, consolidation 
is observed without additional practice. Then, in the late phase, minimal cognitive 
resources are required. Once retained, the motor skill can be executed without any need 
for practice, even after a long-time interval (Doyon and Benali 2005). Different 
contributions of cortico-cerebellar and cortico-striatal mechanisms correlate with changes 
in performance that occur during early learning. Striatal appear to help consolidate 
learned sequences; another network (striatum, motor, and parietal cortices) contributes to 
retention. This learning model was also proposed as a way to understand learning in 
motor adaptation tasks (Penhune and Steele 2012). 
A later model for sequence learning considered various task demands and 
correspondingly different rates by which specific task components are acquired. Penhune 
and Steele (2012) proposed that the cerebellum, striatum, and primary motor area (M1) 
contribute to task execution in different ways, depending on the focus of the task and the 
information provided about how the task should be performed. According to the model 
by Penhune and Steel, sequence learning consists of three parallel and interacting 
processes: error correction, internal model formation, and stimulus–response association. 
The different learning parameters (i.e., velocity, force, timing, and coarticulation) 
cannot be separated only on spatial and sensorimotor, and therefore are optimized at 
different time frames. For example, this proposed model describes different functions of 
the striatal system (predictive associations between stimuli and responses), cerebellum 
(acquire the optimal internal model, error correction, and control of on-going movement) 
and primary motor cortex (M1) (stores “map”). The representation of a motor sequence in 
M1 appears to be influenced by the interaction between the cerebellum and M1. The 
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motor plan for the learned sequence of movements is encoded in M1, whereas motor 
control parameters for these movements are encoded in the cerebellum (Penhune and 
Steele 2012). 
2.2.1 Locomotor Sequence Learning  
Motor sequence learning involves the assembly of different movements into 
sequential actions to generate new behaviors (Hikosaka, Nakahara et al. 1999). The 
motor sequence typically becomes more automatic as learning progresses (Nissen and 
Bullemer 1987). Once a new sequence is learned, it can be subsequently recalled within 
the appropriate context. First studied in the 1950s, sequence learning studies have since 
evolved to include many methodological variations (Lashley, 1951). The most common 
experimental sequence task for upper limbs is the SRTT (Abrahamse, Ruitenberg et al. 
2013). 
The SRTT was first introduced by Nissen and Bullemer (1987) in a study of the 
attentional requirements of sequence learning by assessing performance measurements. 
The SRTT entails an easy task, which attempts to replicate daily learning activities and 
their essential structure, allowing for fast and objective assessment of sequential learning. 
The SRTT has provided a framework for different research approaches to motor learning, 
including behavioral, imaging, animal, motor, and computational elements (Abrahamse, 
Jiménez et al. 2010). In the original study, participants watched a light signal on a screen 
and then pressed one of four keys corresponding to the position shown on the signal 
screen. Participants were not informed in advance of the order of elements in the 
sequence. The experiment was repeated with the stimuli following a set pattern, rather 
than appearing in a random order. The reaction times were compared between these two 
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conditions, and the results of the experiment demonstrated that participants performed 
better on sequence blocks. Moreover, with continuous practice, participants learned the 
sequence without being aware of it (Goschke and Bolte 2012). 
Sequence learning is distinguished from general learning by presenting a 
sequence block with a random order or a new sequence at the end of the practice block, 
which is used as an index for sequence learning. Reduced reaction times and error 
percentages along the sequence condition provide evidence that learning has occurred. In 
addition, participants usually do not explicitly remember or express the exact elements of 
the sequence. This demonstrates the implicit characteristics of the task (Abrahamse, 
Jiménez et al. 2010). To test different assumptions, studies that used SRTT changed some 
of the original characteristics. For example, they altered the sensory information, stimulus 
type, response modality, stimulus–response mapping, or time interval between tests 
(Ghilardi, Moisello et al. 2009, Abrahamse, Jiménez et al. 2010). Other studies that used 
an arm-reaching version of the SRTT assessed the sequence learning process by 
measuring the onset and movement times. This method allows for acquisition of the 
sequence order and motor performance to be evaluated separately (Ghilardi, Moisello et 
al. 2009, Moisello, Crupi et al. 2009). 
A recent study developed a locomotor sequence learning paradigm to investigate 
sequence-specific learning in the lower limbs during walking that was based on the 
classic SRTT (Choi, Jensen et al. 2016). Visual cues were provided to guide step length 
adjustments during treadmill walking. During sequence trials, the visual targets were 
placed on the screen as a repeat pattern of step length adjustments (e.g., short-long-
medium-long-short-medium) (Figure 2.1). In the random trials, the visual targets no 
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longer followed a repeating pattern of stepping positions. With practice, participants 
demonstrated sequence-specific learning by performing better on the repeating, than on 
the random sequences (Choi, Jensen et al. 2016). This study helped elucidate how 
walking, an automatic task, was integrated with a step sequence learning task. The results 
suggested that, to plan and execute the correct leg movements, the participants used 
implicit knowledge of the sequence. This was evidenced by the fact that participants were 
not able to describe the repeating sequence and showed no conscious awareness of the 
sequence, both of which would have been indicators of implicit learning. 
Several learning processes appear to occur parallel during SRTT experiments. It is 
difficult to determine what and how participants are learning (Dirnberger, Novak et al. 
2013). Researchers have tried to overcome this limitation by creating different 
paradigms, but there is no agreement on procedural learning being primarily response-
based, or if perceptual learning also plays a role. One SRTT study compared participants 
during three conditions: perceptual, motor, and control. During the test phase, the 
sequence was either perceptually or motorically equal to that of the training. The control 
group trained and tested on a compatible mapping: participants pressed the key directly 
below the stimulus. The results showed that sequence learning has both perceptual and 
motoric components (Willingham 1999). 
Another study modified this paradigm to investigate how the motor and 
perceptual components of learning consolidated during sleep. This study confirmed the 
idea that there are two forms of memory consolidation: a wake-dependent component that 
influences muscle-based learning of the movement sequence, and a sleep-dependent 
component that influences learning of the sequence of goals (Figure 2.2 A-C) (Cohen, 
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Pascual-Leone et al. 2005, Cohen, Pascual-Leone et al. 2005). There appear to be 
independent consolidation processes for motor and perceptual learning. Another study 
showed more strength for this fact and investigated the contribution of different forms of 
procedural learning in patients with cerebellar stroke and matched healthy participants by 
using an SRTT. The researchers exposed the participants to different conditions isolating 
the perceptual and motor learning, allowing the measurement of the impact of each of 
these learning aspects. The results showed that the healthy control participants had 
significant motor learning and perceptual learning, whereas patients with cerebellar 
damage only exhibited significant motor learning. Their results demonstrated that there 
were separate mechanisms; specifically, the cerebellum appears to be involved in the 
processing of perceptual information (Dirnberger, Novak et al. 2013). 
2.2.2 Locomotor adaptation 
Adaptive processes allow us to modify our locomotor patterns to suit changing 
environments (Torres-Oviedo, Vasudevan et al. 2011). There are different strategies of 
motor adaptation. During ambulation training, task difficulty can be manipulated by 
controlling the required motor skills. Specifically, task complexity can be increased by 
presenting unexpected information that is then maintained throughout practice, an 
approach that results in large movement errors (Criscimagna-Hemminger, Bastian et al. 
2010). 
Motor adaptation is a short-timescale motor learning process. This process is 
error-driven and results in adjustment stored movement calibrations used to predict 
movement outcomes (Malone, Bastian et al. 2012). Motor adaptation allows us to make 
adjustments to sensorimotor mappings of well-learned movements within challenging 
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environments or during physical changes  (Bastian 2008). These adaptations are highly 
important for human behavior and rehabilitation, even if the nature of this adaptation is 
relatively transient. Even with limited “learned” motor patterns, adaptation allows the 
nervous system to exert highly flexible control, where participants are able to adapt to a 
number of different conditions, allowing them to predict movements while executing 
challenging tasks (Bastian 2008). 
During rehabilitation, many patients are able to walk, but their movements are 
inaccurate, inefficient, or slow. These patients do not necessarily need to learn a new 
movement, but instead require better calibration of their internal model, which can be 
done by adaptive motor learning (Bastian 2008). This type of learning has been studied 
over different experimental conditions and time periods. 
To study motor adaptation, researchers abruptly expose participants to novel 
situations, such as adaptation periods, perturbing movements, and increasing errors 
(Malone, Bastian et al. 2012). The literature describes adaptation to many different types 
of movements such as reaching, walking, balancing, and eye saccades (Horak, Shupert et 
al. 1994, Shadmehr and Mussa-Ivaldi 1994, Wallman and Fuchs 1998, Reisman, Block et 
al. 2005). Adaptation is driven by calibrating the representations of internal movements 
and minimizing task-related “costs” (Malone, Bastian et al. 2012). During movement 
perturbation, the nervous system responds by reducing the error from one trial to the 
other. Specifically, sensory prediction errors are used to calibrate the internal 
representations of body dynamics and the environment. This allows us to decrease our 
reliance on time-delayed feedback from our body sensors (Bastian 2008). Other studies 
found that the costs related to this adaptation process, such as energy demands, force, 
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fatigue, and inaccuracy, are accounted for by the brain while it adjusts movement patterns 
during different adaptation tasks (Emken, Benitez et al. 2007, Izawa, Rane et al. 2008). 
A recent study investigated the factors that influenced consolidation during 
visually guided walking (Maeda, McGee et al. 2017). The participants had to learn a 
novel mapping relationship, induced by prism lenses (Figure 2.3 A-C). The researchers 
tested different protocols, with or without competing mapping. Their results indicated 
task retention 1 week after initial learning. Other studies applied a form of error-driven 
motor learning to walking. This method is unique in its ability to target specific gait 
deviations (Blanchette and Bouyer 2009, Reisman, Bastian et al. 2010, Houldin, Luttin et 
al. 2011). Some studies that used split-belt treadmill walking showed that error 
augmentation could be used to achieve longer term changes in abnormal gait movements 
(Reisman, Bastian et al. 2010). 
Interlimb coordination, particularly for maintaining reciprocal, out-of-phase limb 
movements, is critical for stable human walking. Different interlimb coordination 
patterns have been studied because little is known about the adaptability or plasticity of 
interlimb locomotor coordination patterns. Reisman and colleagues (2005) studied intra- 
and interlimb control during split-belt treadmill walking (Figure 2.4). Healthy 
individuals were tested with the belts tied (baseline), then split (adaptation), and then tied 
again (postadaptation). The parameters of walking that related directly to the interlimb 
relationship slowly changed during adaptation and showed robust aftereffects during after 
adaptation. To accommodate split-belts, the parameters calculated from an individual leg 
changed quickly. These results suggested a certain independence of neural control for 
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intra- versus interlimb parameters during walking. They also showed that the adult 
nervous system can adapt and store new interlimb patterns after short training sessions. 
The literature has shown that lesions to different nervous system structures can 
impair motor adaptation. Several studies on patients with cerebellar lesions showed 
consistent impairment of adaptation processes during different types of movements (i.e., 
eye, arm, walking, and balancing) (Lewis and Zee 1993, Horak, Shupert et al. 1994, 
Maschke, Gomez et al. 2004, Morton and Bastian 2006). Other studies investigated the 
effects of damage to other brain structures, such as the basal ganglia (in patients with 
Huntington’s or Parkinson’s disease), although the motor functions of these particular 
structures remain unclear (Contreras-Vidal and Buch 2003, Smith and Shadmehr 2005). 
There are two other important studies that investigated locomotor adaptation 
savings (Malone , Vasudevan et al. 2012, Leech, Roemmich et al. 2018). Both studies 
used similar adaptation perturbations. They exposed participants to a baseline condition, 
followed by adaptation (slow and fast belts speeds, ratio 1:2), washout, and re-adaptation 
(same as adaptation) (Malone , Vasudevan et al. 2012, Leech, Roemmich et al. 2018) 
(Figure 2.5). The studies varied in their reports of time spent in each of these conditions. 
Savings were manifested by the ability to store and quickly recall learned movements, 
and were measured by comparing step length asymmetry (SLA), a gait parameter that 
robustly adapts to split-belt conditions (Leech, Roemmich et al. 2018). The SLA was 
calculated using the following equation: SLA = (fast step length − slow step length)/(fast 
step length + slow step length), where an SLA value of 0 indicated symmetric stepping 
(Leech, Roemmich et al. 2018). Leech and colleagues (2017) demonstrated immediate 
savings when participants were submitted to large, abrupt perturbations during split-belt 
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adaptation (Figure 2.5 A-C). Similarly, Malone et al. (2012) demonstrated savings 
during different adaptation training structures, when adaptations were compared after a 
24-h interval. 
SLA can be influenced by spatial and temporal parameters. Spatial (i.e., where we 
step) and temporal (i.e., when we step) gait features contribute to SLA while walking on a 
split-belt treadmill (Malone , Vasudevan et al. 2012, Finley, Statton et al. 2014). Spatial 
coordination, which is measured as the center of oscillation, reflects whether the leg was 
oscillating about a flexed, extended, or neutral axis. Phasing, a measure of temporal 
coordination, is usually determined using a time series of limb angles for each leg 
(Roemmich and Bastian 2015). A previous study suggested that spatial control may 
involve an intermediate cerebellar circuit and its connections to the cerebrum. On the 
contrary, temporal control could involve the midline cerebellar circuit and its connections 
to the midbrain and brainstem (Malone and Bastian 2010). Many studies have shown 
savings, in the form of offline learning, for spatial gait parameters, but not temporal ones 
(Malone , Vasudevan et al. 2012, Roemmich and Bastian 2015). It seems that cerebral-
cerebellar circuits allow for more flexibility and facilitate rapid relearning. Moreover, 
brainstem structures might be less flexible. This helps us understand why temporal 
control may not be influenced by the structure of a split-belt adaptation task (Malone and 
Bastian 2010). 
No prior studies have investigated the process of consolidation during locomotor 
adaptation tasks after a 12-h interval, or the influence of sleep on this process. 
Understanding how these spatial and temporal contributions change across days as 
participants quickly reduced the frequency of their errors should help facilitate savings. 
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The human nervous system has the ability to learn, store, and recall different patterns 
while walking in various challenging environments. These processes enable safe and 
efficient navigation in these environments, while promoting gait improvements during 
rehabilitation (Roemmich and Bastian 2015). 
2.3. Consolidation of motor learning 
The brain, among its many other complex functions, is able to store information 
provided by experience and later retrieve this information. Learning is a process through 
which humans acquire new information and can be measured by changes in motor 
behavior (Purves  2001). One aspect of motor learning that concerns researchers is how 
the nervous system is able to form multiple long-term procedural memories. For example, 
once we learn to swim or ride a bicycle, we never forget how to do it (Krakauer and 
Shadmehr 2006). There are at least three stages in memory development: encoding, 
consolidation, and recall of learned information (Robertson 2009). 
Memories are classified according to anatomical and functional aspects into 
declarative and procedural memories (motor memories) (Albouy, Fogel et al. 2015). 
After initial acquisition, the studies in the literature have shown that memories go through 
a stabilize process, which is referred as a consolidation processes, which requires passage 
of time (Lugassy, Herszage et al. 2018). For procedural memories, besides reduced 
fragility of a memory trace after acquisition of a new skill, consolidation involves offline 
improvement, meaning task improvement that occurs between practice sessions, and  
(Robertson, Pascual-Leone et al. 2004). 
Researchers investigate consolidation using different experimental paradigms. A 
typical paradigm involves training a participant on Task A, then the same Task A at a 
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later point in time. A study that used a sequence finger-tapping task compared a trained 
sequence with a non-trained sequence and demonstrating offline learning of the trained 
sequence (Karni, Meyer et al. 1998). If a different task (Task B) is trained right after Task 
A, there appears to be less offline learning. Offline learning entails motor memory 
consolidation, evolving from a fragile state to a more stable form that is less susceptible 
to interference. However, if sufficient time is allowed between Task A and Task B, more 
significant offline learning is observed. Another recent study (Walker, Brakefield et al. 
2003) used a sequential finger-tapping task and trained people to perform a second motor 
sequence immediately after learning the first motor sequence on Day 1. When retested on 
Day 2, improved movement accuracy occurred only for the second sequence, whereas no 
such improvement developed for the first sequence. However, learning the second motor 
sequence 6 h after learning the first motor sequence did not interfere with its 
consolidation (Figure 2.6 A-B). 
Another important study for understanding consolidation and the neural structures 
involved in this process used a ballistic pinch task involving the index finger and thumb. 
Transcranial magnetic stimulation was used to disrupt consolidation on three different 
regions of the brain: the primary motor cortex (M1), occipital cortex, and dorsolateral 
prefrontal cortex (DLPFC). The authors found that only M1 appeared to be essential for 
early motor consolidation. Again, after a 6-h interval, there was no interference in the 
offline consolidation of this motor task (Muellbacher, Ziemann et al. 2002) (Figure 2.7). 
During recent years, many studies have reinforced the idea that, while practice 
leads to gains in motor performance within a single session, a retest 24 h later with no 
additional training can lead to offline learning consolidation (Brashers-Krug, Shadmehr 
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et al. 1996, Shadmehr and Brashers-Krug 1997, Karni, Meyer et al. 1998). These findings 
are thus consistent with the noninterference explained in the previous paragraphs. 
However, many researchers have also questioned whether these improvements in 
performance reflect the passage of time or whether this phenomenon is related to the time 
spent in either wake or sleep, or even a specific stage of sleep (Walker, Brakefield et al. 
2002, Walker and Stickgold 2004). 
Behavioral studies in humans and other species have consistently demonstrated 
that sleep plays a central role in memory consolidation (Walker and Stickgold 2004). 
However, what is the specific process within sleep that affects consolidation? Some 
mechanisms have been proposed in the literature: (1) synchronous brain activity (PGO 
waves, sleep spindles, and theta rhythms); (2) changes in regional brain activation and 
interregional communication; and (3) shifts in global concentrations of neuromodulators 
(ACh, NE, 5-HT, cortisol, and growth hormone) (Graves, Pack et al. 2001, Benington 
and Frank 2003). 
2.3.1 Sleep-dependent consolidation 
There are two general types of sleep: non-rapid eye movement (NREM) sleep and 
rapid eye movement (REM) sleep. These stages alternate throughout the night every 90 
min (Walker and Stickgold 2004) (Figure 2.8 A). In most mammals, NREM sleep is 
divided into four stages, from 1 to 4, signaling increased depth of sleep (Kales 1968). For 
NREM sleep, Stages 3 and 4 (“slow-wave sleep” or SWS) dominate early in the night, 
whereas Stage 2 NREM and REM sleep are distributed throughout the night but generally 
increase later during the night. During the Stage 2 NREM, K-complexes, which comprise 
a brief negative sharp wave followed immediately by a positive inflection, are generated 
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throughout the cortex and reflect the cortical downstate and sleep spindles (Cash, Halgren 
et al. 2009), which are brief bursts of significantly high-frequency waves (11–16 Hz) 
(AASM 2007). Fast spindles (13–16 Hz) appear associated with the activation of the 
mesial frontal cortex, hippocampus, and sensorimotor processing areas (pre- and 
postcentral gyrus and supplementary motor area); slow spindles (11–13 Hz), on the 
contrary, are associated with activity in the superior frontal gyrus (De Gennaro and 
Ferrara 2003, Schabus, Dang-Vu et al. 2007). During NREM-2, most spindles are fast 
spindles. Slow spindles are also found in Stage 3 of NREM sleep (Spencer 2013). In 
addition, sleep spindles are considered markers of brain plasticity (Steriade 1999, 
Rosanova and Ulrich 2005). 
Studies have demonstrated the importance of neural replay for declarative 
memory formation in humans (Spencer 2013). One study had participants execute a 
visuospatial task that required learning a matrix of images associated with the presence or 
absence of an odor during subsequent SWS (Rasch, Büchel et al. 2007). An important 
finding of this study was that the hippocampus increased its activation during sleep when 
the odor was presented during SWS. Moreover, in addition to triggering local long-term 
potentiation and replaying within the hippocampus, slow-wave events are involved in the 
transfer of memories from temporary storage in the hippocampus to more permanent 
storage in the cortex (Spencer 2013). 
In contrast to declarative memory, literature on the neurophysiological bases of 
motor skill consolidation during sleep requires further research. A study that used a 
finger-tapping task demonstrated a remarkable difference in overnight motor skill 
improvements, compared with improvements noted after a similar period of waking, 
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regardless of whether the time awake or time asleep came first (Walker, Brakefield et al. 
2002). The same study found a relationship between Stage 2 NREM sleep and learning 
(Figure 2.8) (Walker, Brakefield et al. 2002, Walker and Stickgold 2004). Sleep spindles 
have also been associated with memory consolidation (Peters, Ray et al. 2008). The 
literature has demonstrated that after motor skill learning, participants demonstrated a 
significant increase in spindle density in NREM 2 over their baseline values (Nusbaum, 
Uddin et al. 2018). In addition, these increases in spindle density are associated with task 
improvement. Specifically, the larger the increase in spindle activity, the more 
improvement in motor task performance during re-testing after an interval that includes 
sleep (Nusbaum, Uddin et al. 2018). 
The learning process usually consists of two stages mediated by two memory 
storage systems: (1) quick-learning with weak encoding (2) slow learning with stable 
encoding. This two-stage hippocampal-based model applies to declarative memories, but 
may also be applicable to procedural memories (Nusbaum, Uddin et al. 2018). The basal 
ganglia-thalamus circuit operates as a fast-but-labile memory system for categorization, 
rather than the hippocampus (Ashby and Maddox 2005). Moreover, the reorganization or 
consolidation of procedural memories during skill learning is mediated by this fast-
learning system. Other studies found that a network involving the hippocampus, striatum, 
thalamus, and cerebellum was in early stages of skill acquisition, and encoded specific 
experiences before consolidation into neocortical systems (Albouy, Sterpenich et al. 
2013) and generalization (Nusbaum, Uddin et al. 2018). 
Neuroimaging studies have provided more insight into neural structures 
potentially involved in the consolidation process. Specifically, researchers found 
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neuroimaging evidence that there is functional activation of the cortico-striato-cerebellar 
(Debas, Carrier et al. 2014, Tzvi, Münte et al. 2014) and hippocampo-cortical networks 
(Albouy, King et al. 2013), which are involved in the consolidation of procedural 
memories, during motor sequence learning (Albouy, Fogel et al. 2015). 
Therefore, many studies have started to examine the exact functions of the 
striatum and hippocampus for motor sequence learning. Another topic of interest involves 
the influence of sleep on performance changes, a direct measure of memory 
consolidation. This type of learning has two distinct components: goal representation 
(spatial/perceptual) and movement representation (motor) (Albouy, Fogel et al. 2013). 
Other studies have shown that the consolidation of these components depends on 
different aspects of sleep. For example, spatial representations are enhanced following a 
period of sleep (Witt, Margraf et al. 2010), but motor representations are not (Albouy, 
Fogel et al. 2013, Hallgato, Gyori-Dani et al. 2013). Other studies found that the 
hippocampus contributes to mechanisms of sleep-dependent consolidation, whereas the 
striatum is related to time-dependent mechanisms of consolidation (Debas, Carrier et al. 
2010, Albouy, Sterpenich et al. 2013, Albouy, Fogel et al. 2015). 
Another study used a sequential finger-tapping task and found that only the motor 
learning condition was enhanced over the day; in contrast, only the perceptual learning 
condition was enhanced over a night of sleep (Cohen, Pascual-Leone et al. 2005). Thus, 
there appear to be distinct mechanisms that support each of these learning modalities. The 
differences in these mechanisms over day and night may be related to changes during the 
sleep and wake cycles that are related to neurophysiological factors, as well as aspects of 
the circadian cycle (Cohen, Pascual-Leone et al. 2005). Moreover, the authors justified 
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their findings by noting that there were distinct circuits that supported motor and 
perceptual learning. Each of these circuits might be affected in different ways by wake 
and sleep. Specifically, motor consolidation is likely dependent on M1 (Grafton, 
Hazeltine et al. 1998, Hikosaka, Nakahara et al. 1999), and communication within that 
small local circuit is facilitated by high-frequency oscillations that are noticeable during 
awake periods (Muellbacher, Ziemann et al. 2002, Robertson, Press et al. 2005). On the 
contrary, perceptual consolidation may depend on communication across a large circuit, 
including the parietal and prefrontal cortices (Grafton, Hazeltine et al. 1998, Hikosaka, 
Nakahara et al. 1999). This is facilitated by slow-frequency oscillations that are typically 
observed during the NREM sleep stage (Diekelmann and Born 2007, Hoffman, Battaglia 
et al. 2007). Thus, different circuits may remain activated after learning, but certain brain 
states during wakefulness or sleep will contribute to subsequent consolidation of each 
learning aspect (Robertson 2009). 
Motor learning can also be analyzed according to the implicit or explicit nature of 
the task. Past studies have proposed a major distinction between explicit and implicit 
learning (Tulving 1985, Squire and Zola-Morgan 1991). Usually, explicit learning refers 
to the capacity for conscious, declarative learning and memory, which is communicated 
through recollection. By contrast, implicit learning is considered a heterogeneous 
collection of unconscious, non-declarative memory abilities (Marinelli, Quartarone et al. 
2017). However, during motor learning, depending on the kind of information provided 
or methods of task execution, not all the processes that occur are implicit, and declarative 
mechanisms may also be involved (Moisello, Crupi et al. 2009). 
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There exists empirical evidence of sleep benefits for explicit (Ellenbogen, Hu et 
al. 2007) and implicit (Mednick, Nakayama et al. 2003) memories. It is highly difficult to 
find tasks that have purely explicit or implicit characteristics (Shanks and St John 1994). 
Behavioral and functional imaging studies provide evidence of the parallel development 
of implicit and explicit skills (Robertson, Pascual-Leone et al. 2004). During imaging 
studies that used motor sequence learning tasks with explicit instructions, the cortico-
striato-thalamo-cortical loops were found to play an important role (Figure 2.9 A-B). In 
the initial stages of learning, visuo-spatial abilities and working memory are essential. 
During this stage, the visual cortico-striatal loop that connects the DLPFC, the inferior 
parietal cortex, and the anterior part of the striatum (caudate nucleus and anterior 
putamen) is involved. Following this stage, performance optimization is mediated by the 
motor loop, which connects motor, premotor, somatosensory, and supplementary motor 
areas to the posterior part of the striatum (posterior putamen). 
 Sleep is also important for improving retention of both explicit and implicit 
aspects of motor learning captured with a motor sequence learning task. We can assume 
that procedural memories may consolidate following replay in the subcortical structures 
that are involved in a particular task. A study found evidence of neural replay in the 
ventral striatum during sleep (Lansink, Goltstein et al. 2008), and this activation seems to 
be controlled by hippocampal reactivation of associated cells (Lansink, Goltstein et al. 
2009). One study investigated the role of the hippocampus during encoding and predicted 
the presence of a later, sleep-dependent consolidation using three versions of the SRTT: 
explicit motor sequence learning (participant is aware of the sequence); implicit motor 
sequence learning noncontextually and a contextual motor sequence learning. The results 
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showed that participants with explicit knowledge of the task showed sleep-dependent 
consolidation, as observed in previous studies in the literature. In addition, the authors 
observed that under implicit contextual conditions, there was also sleep-dependent 
consolidation. This new finding might be explained by the involvement of hippocampus 
in the process of formation of associations between cortical representations (Spencer, 
Sunm et al. 2006). 
Finally, recent studies have investigated the influence of sleep in memory 
consolidation by comparing two different motor tasks: motor sequence learning (MSL) 
and motor adaptation (MA). The consolidation of a newly learned sequence of 
movements, such as MSL tasks, appears sleep-dependent (Fischer, Hallschmid et al. 
2002, Walker, Brakefield et al. 2002, Morin, Doyon et al. 2008, Doyon, Korman et al. 
2009). By contrast, there are contradictory findings on the role of sleep during MA skill 
consolidation. A recent study investigated the consolidation process for two motor skills, 
MSL (five-item finger sequence learning task) and MA (eight-target reaching task), using 
functional MRI (fMRI) (Debas, Carrier et al. 2010). The results suggested that MSL 
consolidation was sleep-dependent, and it changed and increased neural activity within 
the cortico-striatal complex. In addition, MA consolidation occurred during a 12-h 
period, either or without sleep. The results of this study showed increased neural activity 
within the corticocerebellar system in both cases (Debas, Carrier et al. 2010). 
Another study compared the effects of sleep or passage of time on motor skill 
performance, for two different motor skill learning tasks: finger-tapping sequence 
learning (FTSL) and visuomotor adaptation (VMA) (Doyon, Korman et al. 2009). The 
authors found improved performance on the FTSL, which were attributable to sleep. 
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However, for the VMA, there was no significant difference between the awake and sleep 
conditions. It seems that “offline” performance gains, which reflect the consolidation 
process, occurred on FTSK following sleep, even a short nap (90 min). On the contrary, 
the passage of time or sleep had the same effect on the consolidation process for the 
VMA task. Therefore, this process may depend on the demands of the particular task 
(Doyon, Korman et al. 2009). 
Another study showed contrary results, reporting evidence regarding influence of 
sleep on the consolidation process of a rotation adaptation task (Huber, Ghilardi et al. 
2004). During this task, participants were asked to reach for visual targets using a 
handheld cursor, while unconsciously adapting to systematic rotations imposed on the 
perceived cursor trajectory. Then, researchers recorded the signals generated from the 
sleep electroencephalogram (EEG) right after the rotation adaptation task. Slow-wave 
activity homeostasis was strongly correlated with improved task performance after sleep. 
This evidence supports the idea that sleep plays a role at the cellular level, connecting 
sleep homeostasis to neural plasticity (Huber, Ghilardi et al. 2004). Observed differences, 
compared to previous studies that found sleep did not benefit MA, may be because of the 
fact that the rotation adaptation task was associated with different demands on upper-arm 
effectors and the extent of kinematic adaptation that was needed (Debas, Carrier et al. 
2010). 
These findings indicate that memory consolidation is a highly complex process 
involving different neural structures. There are numerous ways that sleep might interact 
with memory consolidation. Thus, contradictory findings surrounding sleep-dependent 
memory processing are sleep stages and how these stages interfere with, or facilitate, 
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particular aspects of memory processing for a given type of memory (Walker and 
Stickgold 2004). 
  
    39 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1  Experimental set-up locomotor sequence learning 
 (A) Visual feedback was projected on a screen in front of the treadmill (B) The 
real-time feedback: target (open square) and foot position of the swing leg (filled 
circle) were displayed during the walking task. The targets moved down the screen 
at a speed corresponding to the treadmill speed (arrows). Stance leg foot position 
(open circle) was not visible on the display. The vertical distance between the 
current target (red square) and the next target (gray square) indicated the desired 
step length (1). The position of the swing leg appeared after ipsilateral toe off (2). 
The current target turned from red to white color on a successful hit (3). Scores 
were displayed on the upper right corner of the screen. The current target and foot 
position disappeared after ipsilateral heel strike (4) (C) Sequence learning 
paradigm: random (R1–R3) and sequence blocks (S1–S4). Each block consisted of 
100 steps. Sequence-specific learning was calculated as the difference in 
performance between S3 and R3 (solid line); nonspecific learning was calculated 
as the difference between R2 and R3 (dotted line) (Choi, Jensen et al. 2016). 
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Figure 2.2  Experimental design tapping sequence learning 
(A) Design used to dissociate goal- and movement-based skill improvements (B) 
The first session consisted of a single training block sandwiched between two test 
blocks (C) Goal-based improvements develop only overnight, whereas 
movement-based improvements develop only over day. These improvements 
were also not coupled to a particular time of day, because they could still be 
observed in the morning (8 a.m. to 8 a.m.). This double dissociation suggests that 
off-line learning can be supported by distinct mechanisms enhancing different 
aspects of a procedural memory (Cohen, Pascual-Leone et al. 2005) 
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Figure 2.3  Experimental setup and protocol for visually guided walking 
(A) Concept of consolidation as resistance to retrograde interference over time (i), 
the difference between retrograde and anterograde interference (ii), and how 
washout trials may reduce anterograde interference (iii). In the illustrations, 
mappings A and B represent opposite relationships (B) Schematic of the visually 
guided walking task. Participants walked and stepped onto 2 targets on the 
ground. Medial-lateral foot-placement error, defined as the distance between a 
position marker on the foot and the center of the target, quantified performance 
(C) Simulated view of the target through the prism lenses and the perceived target 
shift for 20 diopter lenses (Maeda, McGee et al. 2017). 
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Figure 2.4  Experimental set-up locomotor adaptation 
(A) Experimental paradigm showing each period of split-belt walking. Gray circles 
show general location in the period over which averages were taken (B) 
Illustration of marker locations and joint angle conventions (Reisman, Block et al. 
2005). 
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Figure 2.5  Protocol locomotor adaptation different speeds 
Protocol diagrams are shown for the Small, Medium, and Large groups. Dashed 
lines indicate the speeds of the fast and slow belts, with solid lines indicating when 
the belts are tied. Colors assigned to each group and adaptation block will be 
constant throughout the figures. (A-C) Comparison of step length asymmetry 
(SLA) during acquisition and adapt 2 (i.e. savings) among the (A) Small (red and 
black traces) (B) Medium (pink and purple traces) and (C) Large (cyan and blue) 
perturbation groups (Leech, Roemmich et al. 2018). 
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Figure 2.6  Changes in motor learning during finger sequence learning 
(A) Participants learned the second sequence immediately after the first (B) 
Participants initially learned the first motor sequence at 10 a.m. on day 1, and 
following a 6-hour waking interval, learned the second motor sequence and 
results revealed significant improvements in performance accuracy for both 
sequences for this group (Walker, Brakefield et al. 2003). 
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Figure 2.7  Effects of motor practice and rTMS on motor learning  
Each symbol represents the (normalized) mean peak acceleration for each practice 
condition. During practice 1 (P1) there was an increase in peak pinch acceleration 
under all conditions. rTMS of M1 cancelled the retention of the behavioral 
improvement of practices 1 and 2 (P2). The ability to improve behavior by 
subsequent practice (P3) was unimpaired, but the final improvement was less 
marked than in the participants who did not receive rTMS of M1. rTMS of the 
occipital cortex or dorsolateral prefrontal cortex had no impact on early motor 
consolidation (Muellbacher, Ziemann et al. 2002). 
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Figure 2.8  The human sleep cycle across the night 
(A), NREM and REM sleep cycle every 90 min in an ultradian manner, while the 
ratio of NREM to REM sleep shifts. During the first half of the night, stages 3 and 
4 NREM (SWS) dominate, while stage 2 NREM and REM sleep prevail in the latter 
half of the night. EEG patterns also differ significantly between sleep stages, with 
electrical oscillations such as K complexes and sleep spindles occurring during 
stage 2 NREM, slow (0.5–4Hz) delta waves developing in SWS, and theta waves 
seen during REM. (B) The amount of overnight improvement on the motor skill 
task correlated with the percentage of stage 2 NREM sleep in the last quartile of 
the night (% stage 2 NREM, fourth quartile) (Walker and Stickgold 2004). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B 
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Figure 2.9  Schematic representation of the neural bases of visuo-motor sequence 
learning 
(a) On the left, the visuo-cognitive stage, the first step of sequence learning, 
includes declarative learning for the acquisition and transformation of visual 
information in a motor act. (b) Following the visual input, in the visuo-cognitive 
stage, the frontal and parietal associative cortices are involved, and their action is 
linked with the associative regions of the basal ganglia and the cerebellum. The 
passage to the motor stage is mediated by the activity of the pre-SMA, SMA and 
pre-motor areas. In the motor stage, the motor cortices operate with a link to the 
motor areas of the basal ganglia and the cerebellum. Dopamine-based reward 
systems enhance learning in all stages (Marinelli, Quartarone et al. 2017). 
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CHAPTER 3 
 
METHODS 
3.1 Overview of approach 
New locomotor patterns can be acquired after minutes of training. This research 
focused on understanding the consolidation of newly acquired walking patterns using two 
different locomotor tasks: locomotor sequence learning task in Specific Aim 1 and 
locomotor adaptation task in Specific Aim 2 (Figure 1.1). Behaviorally, consolidation as 
off-line learning was inferred from locomotor performance during a delayed recall test 
performed at some point after acquisition (A-A). In Specific Aim 2, we also measured 
consolidation as resistance to interference by introducing an interference task (B) a 
particular time after practicing task A to challenge the robustness of the memory trace 
encoded during the practice of the first task (A-B-A). Across both aims, sleep-dependent 
consolidation was tested by comparing performance in delayed recall after an interval of 
overnight sleep (e.g., 8 pm-8 am) to an equivalent interval awake (e.g., 8 pm-8 am). 
 3.2 Participants 
The study included both female and male participants between the ages of 18 and 
33 years. We limited the age group because of possible impairments in sleep-dependence 
related to age. There is evidence that in middle age; sleep architecture begins to change, 
leading to an essential decrease in the deepest stage of NREM (Pace-Schott and Spencer 
2011). Participants were excluded if they presented with neurological, orthopedic or 
cardiovascular conditions. Participants read, or were emailed, the screening script, and 
completed a questionnaire about physical activity (PAR-Q) (Chisholm, Collis et al. 1978) 
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before arriving at the lab for the first visit, to ensure eligibility. Any potential participants 
who answered “yes” to questions on the PAR-Q were not eligible to participate in the 
study. 
For all experiments, participants came to the Locomotion Neuromechanics 
Laboratory in Totman Building at the University of Massachusetts, Amherst. The study 
was reviewed and approved by the UMass Institutional Review Board. Participants were 
informed about the procedures and stages of the research and if they agreed to participate, 
signed a consent form.  
Power and sample size estimation (Table 3.1): Estimates based on power =.8 and 
alpha =.05. Participants could not participate in more than one experiment for the same 
study (to eliminate possible carry-over effects). For Experiment 1, we computed the 
sample size required to achieve a similar effect size, using a skill learning rate (measured 
in score points) from the virtual reality task. We focused on skill learning since our 
primary interest was in how sleep influenced consolidation. For the learning rate 
differences between sleep and wake groups, the effect size measured by Cohen’s d was 
0.695 (f = 0.345) (sleep: µ = 2.00, s = 8.32; wake: µ = 9.35, s = 12.44). We estimated 
that a total sample size of 10 per group provided ample power. For Experiment 2, we 
computed the sample size as described for Experiment 1. For the learning rate differences 
between sleep and wake groups, the effect size measured by Cohen’s d was 1.373 (f = 
0.685) (sleep: µ = 7.75, s = 8.47; wake: µ = -5.6, s = 10.83). We estimated that a total 
sample size of four per group provided ample power. For Experiment 3, we computed the 
sample size required to achieve a similar effect size using a similar study (Hoedlmoser, 
Birklbauer et al. 2015). The authors focused on steering accuracy during slalom riding, 
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since their primary interest was in how nap influenced learning. For the learning rate 
differences between nap and no-nap groups, the effect size measured by Cohen’s d was -
1.971 (nap: µ = 2.1, s = 1.3; no-nap: µ = -0.86, s = 1.68). We estimated that a total 
sample size of six per group provided ample power. This yields a total of N = 52 
participants across experiments. To compensate for lost statistical power due to the 
inclusion of covariates and exclusion of outliers, we planned to recruit 60 participants 
(based on estimated N + 15%). 
3.3 Functional assessments 
We measured visual acuity using the Snellen chart, held 20 feet (6 meters) away 
from the participant. At the beginning of each session, participants completed the 
Stanford Sleepiness Scale (SSS), a subjective measure of current sleepiness (Hoddes and 
Zarcone 1972). Also, participants were asked to complete the Morningness-Eveningness 
Questionnaire (MEQ-SA) (Horne and Östberg 1976), Sleep Diary and Pittsburg Sleep 
Quality Index (PSQI) (Buysse, Reynolds et al. 1989) (See appendix). 
3.4 Specific Aim 1: To investigate the consolidation of locomotor sequence learning  
3.4.1 Experimental set-up 
Participants were asked to wear compression shorts, t-shirts, and tennis shoes. 
Participants walked on an instrumented treadmill (Bertec, Columbus, OH) at a 
comfortable speed. We used a system of four-cameras to provide real-time feedback. 
Visual feedback was projected (Optima HD20, Fremont, CA) on a 168 x 168 cm screen 
placed 160 cm in front of the treadmill. Stepping targets were displayed as 16 x 16 
squares on the screen (Figure 3.1).  
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Participants were instructed to look at the screen standing in front of the treadmill. 
Software displayed the squares on the screen, and the participants tried to place a foot on 
the target as accurately as possible during a forward step. The software was integrated 
with the QTM server that provides a real-time position of the foot by tracking the 5th 
metatarsal.  
The swinging leg’s foot position was displayed as an 8 cm diameter circle to 
guide the participants. A custom-made program controlled the distance between 
successive targets (i.e., step length) was by a. Participants saw both the current (red 
square) and the next target (grey square) on the screen. Participants changed step length 
to hit the targets while walking on the treadmill. Participants were instructed to step on 
the targets as accurately as possible by adjusting their step length.  
The current square target turned from red to white on a successful hit. To hit a 
target, the foot (center of the circle) had to lay within 4 cm of the center of the target after 
a heel-strike. The score was displayed in the top-right corner of the screen, which 
increased by one point on each successful hit. The final score was revealed at the end of 
the trial. 
The average step length was adjusted proportionally to each participant’s leg 
length which was determined by measuring the distance between the lateral malleolus 
and the greater trochanter. The medium step length was set at two-thirds of the leg length. 
The short step length was set at 80% while the long step at 120% of the medium step 
length.  
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3.4.2 Experimental design 
Table 3.2 summarizes the experiments for Specific Aim 1. Each experiment 
consisted of two sessions. Session 1 included a Training period (13 blocks) followed by 
an Immediate test (5 blocks) to probe motor sequence learning (Exp. 1) or perceptual 
sequence learning (Exp. 2). Session 2 took place after a 12-hour interval awake (groups 
1a and 2a), or a 12-hour range with sleep (groups 1b and 2b), with a delay test. The 
duration of each visit was about one hour. The total time for both sessions on the 
treadmill was 50 minutes.  
During Session 1 training, the first random block (R) was used to familiarize the 
participants with the visually guided walking task, while the second random block (R) 
was used as a measurement of baseline performance. All random blocks (R) required step 
length adjustments (i.e., short, medium, long) in a non-repeating order. In subsequent 
sequence blocks (S) participants were presented with a repeating sequence of step length 
targets (i.e., short-long-medium-long-short-medium. Underline denotes step length on the 
right leg). Each block corresponded to 100 steps. 
Session 1 Immediate and Session 2 Delay testing was performed under two 
different conditions (Figure 3.2). To probe motor sequence learning in Experiment 1; 
participants were tested in walking forward as in training, but the targets moved in an 
opposite direction on the screen (i.e., the visual stimulus was changed, but the same leg 
movement would be required) (Figure 3.2 A). To probe Perceptual sequence learning in 
Experiment 2; participants were tested in walking backward with the targets going in the 
same direction on the screen as in training (i.e., the visual stimulus the same, but the 
movement response different) (Figure 3.2 B).  
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During Immediate and Delay testing, participants performed a total of 5 blocks. 
The previously trained sequence was performed under the Motor (Sm) or Perceptual (Sp) 
conditions in block 2 (S), and random step length sequence in blocks 1, 3, 5 (R1, R2, R3, 
respectively). Participants also performed during block 4, a new sequence (S*) to test for 
non-specific learning effects. Therefore, for both sessions, the blocks’ order was Block 1 
(R1), Block 2 (S), Block 3 (R2), Block 4 (S*) and Block 5 (R3) (Table 3.2). 
3.4.3 Data collection 
Participants walked on an instrumented split-belt treadmill (Bertec, Columbia, 
Ohio). Retro-reflective markers were placed on participants bilaterally over the toe (fifth 
metatarsal head), ankle (lateral malleolus), knee (lateral femoral epicondyle), hip (greater 
trochanter), pelvis (anterior superior iliac spine), and the cervical (C7). Three-
dimensional Kinematic data were collected by a 4-Camera Qualysis motion capture 
system (Göteborg, Sweden). 
3.4.4 Data analysis 
Immediate transfer of the trained sequence (S) was calculated as: Immediate 
SMotor = Sm1 – (Rm1+Rm2)/2 and SPerceptual = Sp1 – (Rp1+Rp2)/2. Immediate transfer of the 
untrained sequence (S*) was calculated as: Immediate S*Motor = S*m1 – (Rm2+Rm3)/2 and 
S*Perceptual = S*p1 – (Rp2+Rp3)/2. Immediate transfer represented the specific learning 
during first session, immediate after training, it is the difference of the performance on 
sequence blocks to random blocks.  
Delay transfer of the trained sequence (S) was calculated as: Delay SMotor = Sm2 – 
(Rm4+Rm5)/2 and SPerceptual = Sp2 – (Rp4+Rp5)/2.  Delay transfer of the untrained sequence 
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(S*) was calculated as: Delay S*Motor = S*m2 – (Rm5+Rm6)/2 and Delay S*Perceptual = S*p2 – 
(Rp5+Rp6)/2. Delay transfer represented the specific learning during second session, after 
12-h interval, it is the difference of the performance on sequence blocks to random 
blocks.   
Finally, the difference in performance between sessions was calculated for 
Trained sequence as: DSMotor = Delay SMotor - Immediate SMotor, DSPerceptual = Delay 
SPerceptual - Immediate SPerceptual,for Motor and Perceptual groups, respectively. Moreover, 
the difference in performance between sessions was calculated for Untrained sequence 
as: DS*Motor = Delay S*Motor - Immediate S*Motor, DS*Perceptual = Delay S*Perceptual - 
Immediate S*Perceptual, for Motor and Perceptual groups, respectively. This difference 
between sessions was used to quantify the performance gains, once subjects had no 
training between session, these gains in score between one session and the other 
represents offline learning. 
A repeated-measures ANOVA was performed to investigate changes in score over 
the blocks and between groups (i.e., 13 blocks x 2 groups) during session 1. When 
ANOVAs showed a significant effect, the Bonferroni test was used for posthoc pairwise 
analysis.  
Paired T-tests were performed to compare Immediate to Delay performance for 
each group. Separate two-way repeated-measures ANOVA was used to compare DMotor 
and DPerceptual with between-participants factor Interval type (Sleep vs. Wake) and within-
participants factor Sequence (S vs. S*).  
A one-way ANOVA was performed to analyze the difference in scores for sleep 
questionnaires between groups. Paired t-tests were used to compare scores in SSS 
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questionnaires from session 1 to session 2 for each group. All statistical analyses were 
conducted using the software SPSS (IBM Corp.â). An a value of 0.05 was used for 
statistical analysis. 
3.5 Specific Aim 2: To investigate the consolidation of locomotor adaptation 
3.5.1 Experimental setup 
Participants were asked to wear compression shorts, t-shirts, and tennis shoes. 
Split-belt walking adaptation was studied using an instrumented split-belt treadmill 
(Bertec, Columbus, OH) with two separate belts driven by independent motors - these 
belts could be driven at the same speed (“tied-belts”) or different speeds (“split-belts”). 
Speed commands for each belt were sent to the treadmill through a computer interface. A 
participant was positioned in the middle of the treadmill with one leg on each belt. At the 
beginning of each trial, the belts were stationary. They were also told to refrain from 
looking down at the belts. Participants remained on the treadmill between trials for the 
entire session each day. For each experiment, we recruited healthy participants between 
18 and 33 years without orthopedic or neurological conditions. 
3.5.2 Experimental design 
Table 3.3 summarizes the experiment for Specific Aim 2. Each experiment 
consisted of two sessions. Participants were randomly assigned to one of four groups. All 
participants were unaware of the split-belt treadmill task and began the research with a 
baseline period during which the belts were tied at 0.7 or 1.4 m/s. Participants were then 
exposed to split-belt conditions (belts split at a ratio 2:1, during the Acquisition and 
Delay test, and ratio 1:2 during interference). Participants in all groups started walking on 
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tied belts, then adapted to the split-belts continuously, at a speed ratio 2:1 (Acquisition). 
According to different intersession intervals, participants returned to the laboratory to 
walk on the treadmill. At the beginning of session 2, participants walked on tied-belts to 
eliminate any remaining split-belt adaptation from session 1, then on the split-belt 
treadmill (interference), ratio 1:2, before being re-introduced to the split-belts again, ratio 
2:1 (Delay test) (Figure 3.3). For Groups 3a and 3b, participants performed two sessions 
with 30 minutes apart. The only difference between these groups was that the participants 
on Group 3b were exposed to an interference adaptation at a ratio 1:2. For Group 3c, 
participants were tested across two laboratory visits, 12 hours apart, on the same day. For 
Group 3d, participants were examined across two laboratory visits, 12-hours apart, with a 
night’s sleep. The duration of the visit was one hour on session 1 and one hour on session 
2. The total time on the treadmill was 45 minutes on session 1 and 30 minutes on session 
2, except for Group 3a, in which session 2 was 15 minutes. 
3.5.3 Data collection 
Participants walked on an instrumented split-belt treadmill (Bertec, Columbia, 
Ohio). Retro-reflective markers were placed on participants bilaterally over the toe (fifth 
metatarsal head), ankle (lateral malleolus), knee (lateral femoral epicondyle), hip (greater 
trochanter), pelvis (anterior superior iliac spine), and the cervical (C7). Three-
dimensional kinematic data were collected by a 4-Camera Qualysis motion capture 
system (Göteborg, Sweden).  
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3.5.4 Data analysis 
The outcome measures of interest were step length asymmetry (SLA) and double 
support asymmetry (DSA). Step length was calculated as the anterior-posterior distance 
between the ankle markers at the time of heel strike. Fast and slow step length 
corresponded to the leading leg being on the fast or slow belt, respectively, at heel strike. 
Double support time is calculated as the duration of when both legs are on the 
ground. Fast and slow dual support time corresponds to the double support occurring at 
the end of the slow leg’s stance (i.e., the time from slow leg heel-strike to fast leg toe-off) 
and the fast leg’s stance (i.e., the time from fast leg heel-strike to slow leg toe-off), 
respectively. 
Step length asymmetry (SLA) and double support asymmetry (DSA) were defined 
as the normalized difference between legs, i.e., asymmetry = (fast step length − slow step 
length) / (fast step length + slow step length), where an asymmetry value of 0 indicates 
symmetric stepping.  
We measured SLA and DSA during acquisition, Immediate test and Delay test 
across five distinct time epochs: first stride, initial (means the first five strides), early 
change (means strides 6–30), late change (means strides 31–200), and the plateau (means 
the last 20 strides). Also, we calculated the difference in SLA and DSA from the 
Immediate to Delay test (e.g., DSLA = Delay SLA - Immediate SLA), for each time 
epoch. 
All statistical analyses were conducted using the software SPSS (IBM Corp.â). 
An a value of 0.05 was used for statistical analysis. 
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Table 3.1 Power and sample size estimation 
 
 
 
 
Table 1 Source for effect size Effect Size (d) n per 
group 
# groups N 
Experiment 1 Pilot data 0.695 10 2 20 
Experiment 2 Pilot data 1.373 4 2 8 
Experiment 3 (Hoedlmoser, 
Birklbauer et al. 2015) 
-1.971 6 4 24 
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Table 3.2 Experimental groups and block structure for locomotor sequence learning (Study 1) 
 
Study 1 Session 1  
Delay 
Session 2 
Training Immediate test Delay test 
Experiment 1  
(Motor) 
   
Group 1a R1R2S1S2S3S4S5S6S7S8S9S10R3 Rm1 Sm1 Rm2 S*m1 Rm3  12 hr (Wake) Rm4 Sm2 Rm5 S*m2 Rm6 
Group 1b R1R2S1S2S3S4S5S6S7S8S9S10R3 Rm Sm Rm S*m Rm 12 hr (Sleep) Rm4 Sm2 Rm5 S*m2 Rm36 
Experiment 2  
(Perceptual) 
   
Group 2a R1R2S1S2S3S4S5S6S7S8S9S10R3 Rp1 Sp1 Rp2 S*p1 Rp3 12 hr (Wake) Rp4 Sp2 Rp5 S*p2 Rp6 
Group 2b R1R2S1S2S3S4S5S6S7S8S9S10R3 Rp1 Sp1 Rp2 S*p1 Rp3 12 hr (Sleep) Rp4 Sp2 Rp5 S*p2 R63 
 
R = non-repeating sequence of short, medium and long steps; S = Short-long-medium-long-short-medium; S* = Long-short-
long-medium-medium-short.  Subscripts m and p denotes testing done in the Motor (forward) and Perceptual (backward) 
configurations, respectively. 
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Table 3.3 Experimental groups and walking trials for split-belt adaptation (Study 2) 
 
 
 
Experiment 3 
 
Session 1  
Delay 
Session 2 
 Baseline Acquisition Immediate 
test 
Interference  Delay test 
Group 3a  
(No interference) 
T0.7,T1.4,T0.7 Sa,Sa,Sa T0.7,T1.4,Sa 30 min - T0.7,T1.4,,Sa 
Group 3b  
(Interference) 
T0.7,T1.4,T0.7 Sa,Sa,Sa, T0.7,T1.4,Sa 30 min T0.7,T1.4,Sb T0.7,T1.4,,Sa 
Group 3c  
(Wake interference) 
T0.7,T1.4,T0.7 Sa,Sa,Sa T0.7,T1.4,Sa 12 hr (Wake) T0.7,T1.4,Sb T0.7,T1.4,,Sa 
Group 3d  
(Sleep interference) 
T0.7,T1.4,T0.7 Sa,Sa,Sa T0.7,T1.4,Sa 12 hr (Sleep) T0.7,T1.4,Sb T0.7,T1.4,,Sa 
  5-min trials: T0.7 = tied (slow),  T1.4 = tied (fast), S = split (a=left>right, b=right>left) 
60
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Figure 3.1. Experimental set-up for Study 1 
Visual feedback projected on a screen in front of the treadmill. Real-time 
feedback: target (open square) and foot position of the swing leg (filled circle) 
displayed during the walking task. The targets moved down the screen at a speed 
corresponding to the treadmill speed (arrows). Stance leg foot position (open 
circle) was not visible on the display. The vertical distance between the current 
target (red square) and the next target (gray square) indicated the desired step 
length (1). The position of the swing leg appeared after ipsilateral toe off (2). The 
current target turned from red to white color on a successful hit (3). Scores were 
displayed on the upper right corner of the screen. The current target and foot 
position disappeared after ipsilateral heel strike (4). Adapted (Choi, Jensen et al. 
2016). 
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Figure 3.2. Study 1 - Paradigm to dissociate perceptual and motor learning 
Participants received the training in forward walking. (A) In Experiment 1 
(Motor), participants were tested with the visual display inverted during forward 
walking (i.e., the visual stimulus was changed but the same leg movement will be 
required). (B) In Experiment 2 (Perceptual), participants were tested in backward 
walking (i.e., the visual stimulus was the same, but the movement response will 
be different). 
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 Figure 3.3. Study 2 - Split-belt adaptation paradigm   
 Experimental paradigm for all groups consisting of Baseline, Acquisition, 
Immediate test, Wash Out, Interference, Delay test period, except Group 3a 
(Control Group), which consisted of Baselines, Acquisition, Immediate test, Wash 
Out and Delay test period (         Slow Belt            Fast Belt). 
 
Group
A
B
C
D
Interval Session	2Session	1
Baseline
5	min			 	5	min			5	min
Acquisition
5	min			 	5	min			5	min
Immediate	Test
5	min			 	5	min			5	min
30	min.
30	min.
12h	Wake
12h	Sleep
Delay	Test
5	min			 	5	min			5	min
Baseline
5	min			 	5	min			5	min
Acquisition
5	min			 	5	min			5	min
Immediate	Test
5	min			 	5	min			5	min
Baseline
5	min			 	5	min			5	min
Acquisition
5	min			 	5	min			5	min
Immediate	Test
5	min			 	5	min			5	min
Baseline
5	min			 	5	min			5	min
Acquisition
5	min			 	5	min			5	min
Immediate	Test
5	min			 	5	min			5	min
Wash	out
5	min			 	5	min
Delay	Test
5	min			 	5	min			5	min
Interference
5	min
Wash	out
5	min			 	5	min
Delay	Test
5	min			 	5	min			5	min
Interference
5	min
Wash	out
5	min			 	5	min
Delay	Test
5	min			 	5	min			5	min
Interference
5	min
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CHAPTER 4 
 
SLEEP-DEPENDENT CONSOLIDATION OF LOCOMOTOR SEQUENCE 
LEARNING 
 4.1 Abstract 
Practicing complex locomotor skills, such as those involving sequencing, may 
engage distinct mechanisms that support perceptual and motor learning. The objective of 
this study was to measure sleep-dependent perceptual and motor learning of locomotor 
skills. Forty-eight healthy young participants performed a locomotor sequence learning 
task on the treadmill. Visual targets were displayed on a screen in front of the treadmill to 
instruct participants how to change step length (e.g., short, medium, long) from one stride 
to the next. The Training involved practicing a non-repetitive series as well as a repetitive 
series of step length adjustments (i.e., short-long-normal-long-short-normal) over 
(R)andom and (S)equence blocks, respectively. To measure perceptual skill; participants 
were re-tested with the same non-repetitive and repetitive sequences during walking 
backward (i.e., the visual stimulus was the same, but the movement response was 
different). To measure their motor skill; participants were re-tested with the visual 
display inverted during walking forward (i.e., the visual stimulus was different, but the 
leg movement was the same). The effects of sleep on locomotor sequence learning was 
determined by comparing off-line changes in motor and perceptual skills after a 12-hour 
interval awake to an equivalent interval with sleep. The change in motor skill was not 
different after a 12-hr interval with or without sleep. However, the perceptual ability was 
enhanced after a 12-hr interval with sleep compared to wake. These results suggest that 
perceptual and motor aspects of a locomotor memory are processed separately after 
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training. Perceptual consolidation is sleep-dependent and exhibited greater off-line gains 
than motor consolidation after overnight sleep. 
4.2 Introduction 
Motor learning can be described as an improvement in performance that is long-
lasting, as a consequence of hours of practice (Wenderoth 2018). While learning a motor 
task, the brain goes through a process that involves cellular mechanisms to encode and 
consolidate the information as memory (Lugassy, Herszage et al. 2018). However, the 
brain does not stop processing information at the end of practice; it continues to process 
the spatial and/or temporal accuracy of a movement acquired during the motor practice 
(Karni, Meyer et al. 1998, Krakauer and Shadmehr 2006). It is well established that 
motor skill performance can be improved through the long hours of practice of a specific 
motor skill. Nevertheless, the consolidation of this skill also depends on an interesting 
phenomenon referred to as “off-line,” learning and stabilization of memory after training 
(Robertson, Pascual-Leone et al. 2004). This process occurs when a newly acquired 
motor pattern is strengthened after practice. During the consolidation stage, the formation 
of new protein-synthesis and stabilization of the new memories representation occurs 
(Josselyn, Köhler et al. 2015). Therefore, the procedural memories become less 
susceptible to interference, turning to a more robust and stable state, resistant to 
interference by other motor skills (Huber, Ghilardi et al. 2004, Doyon, Korman et al. 
2009, Robertson 2009). Studies suggest that sleep plays an essential and active role in the 
consolidation of multiple forms of memory (Walker and Stickgold 2004). It seems that 
sleep-dependent mechanisms help to maintain synaptic homeostasis within the primary 
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motor cortex. This is needed to strengthen the relevant procedural memories and restore 
the cortex´s ability to continue the neuroplastic changes while awake (Wenderoth 2018). 
It is also essential to better understand the mechanism for the acquisition and 
consolidation of a motor skill for lower limbs. There are relatively few studies on motor 
learning in the context of human locomotion. More recently, a single study showed that 
participants are also able to learn a specific step length sequence over several minutes of 
gait training (Choi et al. 2016). After training, participants performed better on the 
repeating sequence compared to random sequences, suggesting that participants either 
learned the sequence of visual stimuli (perceptual learning) or the sequence of motor 
responses (motor learning), or both, to plan and control precise foot placement. Whether 
and how this type of locomotor sequence learning consolidates, is still unknown. It is 
important to understand that motor sequence learning is a type of motor skill that 
involves the compilation of different movements into a subsequent action to generate a 
new behavior (Hikosaka, Nakahara et al. 1999). Once a new sequence is learned, it can 
subsequently be recalled in the appropriate context. The motor sequence typically 
becomes more automatic as learning progresses (Nissen and Bullemer 1987). In motor 
sequence learning tasks for upper limbs, consolidation is manifested behaviorally as 
improved performance on a motor task during delayed recall that reflects the off-line 
learning (Walker, Brakefield et al. 2002, Korman, Raz et al. 2003).  
Learning a complex motor sequence skill may engage distinct mechanisms that 
support the two learning dimensions: a sequence of movement responses (motor or 
muscle-based learning); and learning a sequence of response goals (perceptual or goal-
based learning) (Pace-Schott and Spencer 2013). Cohen et al., (2005) used a serial 
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reaction time task (SRTT) where the participants saw visual cues and had to learn a 
sequence of finger movements. To test the response goals; the participants switched 
hands so that the same series of response buttons are required, using a different set of 
finger movements. On the other hand, to test the movement response, the order of finger 
movements remained the same but changed the visual information, thus altering the goal 
of the movements. Many studies used a similar experimental paradigm to dissociate the 
learning of these two learning dimensions for upper limb tasks (Willingham 1999, Cohen, 
Pascual-Leone et al. 2005, Pace-Schott and Spencer 2013). It seems that during practice, 
distinct circuits are engaged at the same time on the motor and perceptual learning 
(Cohen, Pascual-Leone et al. 2005). Also, they suggested that there are two forms of 
memory consolidation: wake-dependent which influences motor learning on this specific 
upper limb task, recruits firstly the primary motor cortex; and perceptual learning, which 
recruits the parietal and prefrontal cortices. Therefore, sleep and wake brain activities 
may affect these distinct circuits in different ways (Cohen, Pascual-Leone et al. 2005). 
Sleep-dependent memory consolidation is thought to represent multiple processes 
that actively contribute to memory consolidation of procedural learning (Fischer, 
Hallschmid et al. 2002, Gais, Molle et al. 2002, Korman, Doyon et al. 2007). Overnight 
improvement in procedural memory has been associated with stage 2 non-rapid eye 
movement (NREM2) sleep (Walker and Stickgold 2004). Previous studies demonstrated 
that movement speed in a finger movement sequence improves (indicating learning) more 
after a 12-hour interval with sleep compared to a 12-hour range awake in young adults 
(Spencer, Gouw et al. 2007).  
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To our knowledge, no previous studies have investigated the effects of sleep on 
the consolidation of locomotor sequence tasks. Therefore, the mechanisms of the brain 
that underlay wake-dependent and sleep-dependent motor memory consolidation in the 
locomotor sequence task are unknown. Here we tested the hypothesis that sleep plays an 
active role in the concentration of locomotor learning, providing a unique insight into the 
role of sleep in the consolidation of learning involving the lower limbs in the context of 
locomotion. We used a paradigm to dissociate motor and perceptual learning in a 
locomotor sequence task. Specifically, we compared the role of sleep vs. time awake on 
the consolidation process of these two learning dimensions, by measuring locomotor 
performance during a delayed testing session after a 12-hour interval of overnight sleep 
or an equivalent 12-hour interval awake. Based on previous findings (Cohen, Pascual-
Leone et al. 2005) we hypothesized that perceptual and motor aspects of a locomotor 
memory are processed separately after practice, and this would be reflected in different 
off-line benefits for motor and perceptual groups over 12-hour intervals. Also, motor 
consolidation is wake-dependent and would exhibit greater off-line gains than perceptual 
consolidation during the day. Perceptual consolidation is sleep-dependent and would 
present greater off-line gains than motor consolidation after overnight sleep.  
4.3  Methods 
4.3.1 Participants 
The study included participants between the ages of 18 and 33 years. We limited 
the age of the group because of possible impairments in sleep related to age. Evidence 
shows that in middle age, adults’ sleep architecture begins to change, leading to an 
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important decrease in the deepest stage of NREM (Pace-Schott and Spencer 2011). 
Participants were excluded if they had sleep disorders, neurological, orthopedic or 
cardiovascular conditions. We read or emailed the screening script to the participants and 
they completed a questionnaire about physical activity (PAR-Q) (See appendix)  
(Chisholm, Collis et al. 1978) before arriving at the lab for the first visit to ensure 
eligibility. Potential participants who answered “yes” to questions on the PAR-Q were 
not eligible to participate in the study. 
Forty-eight young adults (aged 23 ± 4 yrs., 25 males, 23 females) with no known 
neurological disorders, participated in this study. The study was reviewed and approved 
by the UMass Institutional Review Board (Protocol # 2018-4513). All participants were 
informed about the procedures and stages of the research, and if they agreed to 
participate, they signed a consent form.  
All participants were required to have vision > 20/40 to participate in this study. 
We measured visual acuity using the Snellen chart, held 20 feet (6 meters) away from the 
participant. At the beginning of each session, participants also completed the Stanford 
Sleepiness Scale (SSS), a subjective measure of current sleepiness (Hoddes and Zarcone 
1972), the Morningness-Eveningness Questionnaire (MEQ-SA) (Horne and Östberg 
1976), Sleep Diary and Pittsburg Sleep Quality Index (PSQI) (See appendix)  (Buysse, 
Reynolds et al. 1989). 
4.3.2 Experimental set-up 
Participants were asked to wear compression shorts, t-shirts, and tennis shoes. 
Participants walked on an instrumented treadmill (Bertec, Columbus, OH) at a 
comfortable pace. We used a system of 4-cameras to provide real-time feedback. Visual 
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feedback was projected (Optima HD20, Fremont, CA) on a 168 x 168 cm screen placed 
160 cm in front of the treadmill. Stepping targets were presented as 16 x 16 squares on 
the screen (Figure 3.1).  
Participants were instructed to look at a screen standing in front of the treadmill. 
Software displayed squares on the screen, on which the participants tried to place a foot 
on the target as accurately as possible during a forward step. The computer program was 
integrated with the QTM server that provided a real-time position of the foot by tracking 
the 5th metatarsal.  
The swing leg’s foot position was displayed as an 8 cm diameter circle to guide 
the participant. A custom-made program controlled the distance between successive 
targets (i.e., step length). Participants saw both the current (red square) and the next target 
(grey square) on the screen. Participants changed step length to hit the targets while 
walking on the treadmill. Participants were instructed to step on the targets as accurately 
as possible by changing step length.  
The current square target turned from red to white on a successful hit. To hit a 
target, the foot (center of the circle) had to lay within 6 cm of the center of the target after 
a heel-strike. The score was displayed in the top-right corner of the screen, increasing by 
1 point on each successful hit. The final score was displayed at the end of the trial. 
The average step length was adjusted proportionally to each participant’s leg 
length. The leg length of each participant was determined by measuring the distance 
between the lateral malleolus and the greater trochanter. The medium step length was set 
as two-thirds of leg length. The short step length was set at 80% and the long step at 
120% of the medium step length.  
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4.3.3 Experimental Design 
Each experiment consisted of two sessions, separated by 12 hours (Table 3.2). 
Session 1 included a Training period (13 blocks) followed by an Immediate test (five 
blocks) to probe motor sequence learning (Exp. 1 – Groups 1a and 1b) or perceptual 
sequence learning (Exp. 2 - Groups 2a and 2b). Session 2 took place after a 12-hour 
interval awake (Groups 1a and 2a) or 12-hour interval with sleep (Groups 1b and 2b) 
with a Recall Test. The duration of each visit was about one hour. The total time for both 
sessions on the treadmill was 50 minutes.  
During Session 1 training, the first random block (R) was used to familiarize the 
participant with the visually guided walking task, while the second random block (R) was 
used as a measurement of baseline performance. All random blocks (R) required step 
length adjustments (i.e., short, medium, long) in a non-repeating order. In subsequent 
sequence blocks (S) participants were presented with a repeating sequence of step length 
targets (i.e., short-long-medium-long-short-medium. Underline denotes step length on the 
right leg). Each block corresponded to 100 steps. 
Immediate and Delay tests were performed under two different conditions 
(Figure 3.2). To probe Motor sequence learning, in Experiment 1; participants were 
tested in walking forward as in training, but the targets moved in an opposite direction on 
the screen (i.e., the visual stimulus was changed, but the same leg movement were 
required) (Figure 3.2A). To probe Perceptual sequence learning, in Experiment 2; 
participants were tested in walking backward with the targets going in the same direction 
on the screen as in training (i.e., the visual stimulus the same, but the movement response 
different) (Figure 3.2B).  
    72 
During Immediate and Delay tests, participants performed a total of five blocks. 
All Groups performed random step length sequence in blocks 1, 3, 5 (R1, R2, R3, 
respectively). The previously trained sequence was performed during block 2, under the 
Motor (Sm1) condition, for Groups 1a and 1b, or Perceptual (Sp1) condition, for Groups 2a 
and 2b to probe for sequence-specific transfer. Participants also performed an untrained 
sequence under the Motor (S*m1) condition during block 4, for Groups 1a and 1b, or 
Perceptual (S*p1) condition, for Groups 2a and 2b, to probe for non-specific learning 
effects.  
4.3.4 Data collection 
Participants walked on an instrumented split-belt treadmill (Bertec, Columbia, 
Ohio). Retro-reflective markers were placed on participants bilaterally over the toe (fifth 
metatarsal head), ankle (lateral malleolus), knee (lateral femoral epicondyle), hip (greater 
trochanter), pelvis (anterior superior iliac spine), and the cervical (C7). Three-
dimensional kinematic data were collected using a 4-camera Qualysis motion capture 
system (Göteborg, Sweden). 
4.3.5 Data analysis 
The performance was measured as the score (number of successful hits) in each 
block. A successful hit is one where the center of the foot (circle) lies within 4 cm of the 
center of the target (square) after heel-strike on the screen (Choi, Jensen et al. 2016). The 
maximum number of hits in each block was 100.  
The final sequence-specific learning achieved in Session 1 was calculated as the 
difference in score between blocks S10 – R3 (Choi, Jensen et al. 2016). Immediate transfer 
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of the trained sequence was calculated as Immediate SMotor = Sm1 – (Rm1+Rm2)/2 and 
SPerceptual = Sp1 – (Rp1+Rp2)/2. Immediate transfer of the untrained sequence 1 was 
calculated as Immediate S*Motor = S*m1 – (Rm2+Rm3)/2 and S*Perceptual = S*p1 – 
(Rp2+Rp3)/2.  Delay transfer of the trained sequence was calculated as Delay SMotor = Sm2 
– (Rm4+Rm5)/2 and SPerceptual = Sp2 – (Rp4+Rp5)/2. Delay transfer of the untrained sequence 
1 was calculated as Delay S*Motor = S*m2 – (Rm5+Rm6)/2 and Delay S*Perceptual = S*p2 – 
(Rp5+Rp6)/2.  Finally, the difference in performance between sessions was calculated as 
DSMotor = Delay SMotor - Immediate SMotor,  D, SPerceptual = Delay SPerceptual - Immediate 
SPerceptual, DS*Motor = Delay S*Motor - Immediate S*Motor,  DS*Perceptual = Delay S*Perceptual - 
Immediate S*Perceptual. 
A repeated-measure ANOVA was performed to investigate changes in score over 
the blocks and between groups (i.e., 13 blocks x 2 groups) during session 1. When 
ANOVAs showed a significant effect, the Bonferroni test was used for post hoc pairwise 
analysis.  
Separate two-way repeated-measures ANOVA was used to compare DMotor and 
DPerceptual between-participant factors Interval types (Sleep vs. wake) and within-
participant factors Sequences (S vs. S*). A one-way ANOVA was performed to analyze 
the difference in score for sleep questionnaires between groups. Paired T-tests were used 
to compare score in SSS questionnaires from session 1 to session 2 for each group. All 
statistical analyses were conducted using the software SPSS (IBM Corp.â). An a value of 
0.05 was used in all statistical analyses. 
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4.4 Results 
4.4.1 Participants characteristics 
According to the PSQI the subjects reported an average sleep hour of Group 1a = 
7.38 (±0.77), Group 1b = 7.17 hours (±0.75), Group 2a = 7.23 (±0.82) and Group 2b = 
6.92 (±1.08). There was no difference between groups on the final score for the MEQ –
SA questionnaire (F (3,44) = .272, p = 0.845), nor on the PSQI questionnaire (F (3,44) = 
2.439, p = 0.077) (Table 4.1). The participants’ perceived alertness (SSS) did not differ 
across groups for session 1 (F(3,44) = 0.303, p = 0.823) or session 2 (F(3,44) = 1.658, p = 
0.190). Thus, individual differences in sleep-wake cycles were not identified in these 
questionnaires. Finally, SSS was not different between sessions (Group 1a: t(11) = -
1.301, p = 0.220; Group 1b: t(11) = -0.804, p = 0.439; Group 2a: t(11) = 1.603, p = 0.137 
Group 2b: t(11) = 0.000, p = 1.000). 
4.4.2 Locomotor sequence-specific learning  
Participants improved their score over the thirteen blocks of testing, performing 
better in sequence blocks compared with random blocks. The participants improved their 
score on the second random block, R2, when they became more familiar with the task. 
Also, learning continued over the subsequent sequence blocks, S1–S10, as the score 
improved further. By the end of the training in order to determine whether the learning 
was sequence specific, participants performed another random block, R3. The decrease in 
the R3 compared with S10 indicates that the learning was sequence specific, meaning that 
the participant did not simply learn to react to the visual stimuli.  Significant performance 
changes were observed over the 13 blocks of testing [repeated-measures ANOVA: effect 
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of block, F(12,552)=69.091, p=0.000].Moreover, the score decreased from S10 to R3, 
indicating that the learning was sequence specific (p = 0.000). 
Despite being tested at different times of day, there was no significant difference 
in performance comparing participants who performed training on the morning (Groups 
1a and 2a) (n=24) or evening (Groups 1b and 2b) (n=24), demonstrating no influence of 
the circadian rhythms on the performance [repeated-measures ANOVA: F (1,46) = .561, 
p = 0.458] (Figure 4.1).  
4.4.3 Immediate and delay transfer of motor sequence learning (Exp 1) 
Figure 4.2 shows the performance during the Immediate and Delayed transfer 
tests in the Motor Group, where participants walked forward but the screen was inverted. 
There was no significant improvement in performance of the trained sequence between 
the immediate and delayed tests over wake (Figure 4.2A paired t-test, p=.234) or sleep 
(Figure 4.2B paired t-test, p=.1000). There was also no significant difference in 
performance of an untrained sequence between the immediate and delayed tests over 
wake (Figure 4.2C paired t-test, p=.889) and sleep (Figure 4.2D paired t-test, p=.119). 
4.4.4 Immediate and delay transfer of perceptual sequence learning (Exp 2) 
Figure 4.3 shows the performance during the Immediate and Delayed transfer 
tests in the Perceptual conditions, where participants walked backward but the visual 
stimuli was unchanged. There was no significant improvement in performance of the 
trained sequence from the immediate to delayed tests over wake (Figure 4.3A paired t-
test, p=.575) but there was over sleep (Figure 4.3B paired t-test, p=.014). There was no 
significant difference in performance of a new untrained sequence between the 
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immediate and delayed tests over wake (Figure 4.3C paired t-test, p=.058), or over sleep 
(Figure 4.3D paired t-test, p=.828) 
4.4.5 Sleep-dependent transfer of perceptual (but not motor) sequence learning  
The change in performance (i.e., offline gain) between Session 1 and Session 2 
for the Motor condition (Exp 1) is shown in Figure 4.4.  Two-way repeated measures 
ANOVA comparing DMotor showed a non-significant effects of Interval type (Sleep vs. 
Wake, F (1, 22) = 0.001, p = .970) and Sequence (Trained vs. Untrained, F (1, 22) = 
0.018, p = .895). 
The change in performance between Session 1 and Session 2 for the Perceptual 
condition (Exp 2) is shown in Figure 4.5.  Two-way repeated measures ANOVA 
comparing DPerceptual showed a significant effect of Interval type (Sleep vs. Wake, F (1, 
22) = 5.635, p =.027) and Sequence (Trained vs. Untrained, (1, 22) = 5.053, p = .035).  
Post-hoc analysis showed a significantly greater DSPerceptual for the Sleep compared to 
Wake (p =.025), and non-significant for DS*Perceptual (p=.320).  
4.4.6 No correlation between sleep duration and perceptual learning 
Enhanced perceptual learning over sleep may reflect an active role of sleep in 
modifying the neural representation of the memory or the benefit could be passive, 
simply reflecting the lack of interference that is experienced over an equivalent interval 
of wake.  If the latter were true, we would expect a correlation between ∆SPerceptual and 
time spent asleep (more sleep, more protection from interference). A Pearson product-
moment correlation showed a positive correlation between hours of sleep and offline 
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gains in Group 2b (Perceptual-sleep), but it was not statistically significant (r = .149, n = 
12, p = .645). 
4.5 Discussion 
There is only one study in the literature that explored sequence learning in lower 
limb movements during walking, using the same locomotor sequence task applied in our 
study. We also developed a new paradigm to dissociate perceptual from motor learning of 
a locomotor sequence. Our results demonstrated that locomotor sequence learning seems 
to comprise learning across two dimensions: learning the sequence of movement 
responses (motor or muscle-based learning) and learning the sequence of response goals 
(perceptual or goal-based learning). The findings of this experiment indicated that there 
are distinct neural systems that support improvement in performance in the motor and 
perceptual domains associated with learning consolidation, reflected in different offline 
gains for motor and perceptual skills over 12-hour intervals. In addition, perceptual 
consolidation was sleep-dependent and exhibited greater offline benefits compared to the 
wake-time interval. 
Locomotor sequence learning. A recent study developed a locomotor sequence 
learning paradigm to investigate sequence-specific learning in the lower limbs during 
walking (Choi, Jensen et al. 2016). This study showed that with practice, participants 
demonstrated sequence-specific learning by performing better on the repeating sequence 
than on random sequences (Choi, Jensen et al. 2016). We found similar results 
demonstrating interesting findings about the integration of walking, an automatic task, 
with a step sequence learning task. It seems that several learning processes are occurring 
in parallel during this locomotor sequence task. To determine what and how participants 
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are learning, we designed an experiment similar to previous studies in upper limb task 
(Willingham 1999, Cohen, Pascual-Leone et al. 2005, Dirnberger, Novak et al. 2013). As 
discussed before, our results agree with another study using an upper limb motor task 
describing wake-dependent consolidation which influences muscle-based learning of the 
movement sequence and, a sleep-dependent consolidation which affected learning the 
series of goals (Cohen, Pascual-Leone et al. 2005). Our result demonstrated that there are 
separate mechanisms processing perceptual and motor learning domains. 
The literature describes that motor learning would activate the primary motor 
cortex (M1), while perceptual learning activates the parietal and prefrontal cortices 
(Hikosaka, Nakamura et al. 2002). However, it is important to notice the difficulty in 
totally isolating each one of these domains. In the literature, motor learning is also 
referred to as movement responses or muscle-based learning and is described as the 
action of training a movement and testing performance of the same movement, but 
receiving a different stimulus. On the other hand, perceptual learning, also referred to as 
response goals or goal-based learning, is described as performing a movement during 
training, and during testing, the stimulus is the same as training, but the action is 
different. Even though there are many structures of the neuromotor system that may be 
involved in both leaning processes, it is difficult to claim that we analyzed these domains 
in isolation. 
Besides that, it should be considered that the tasks present different demands. We 
did not directly measure the perception of task difficulty, but according to the score 
results for each one of the conditions (perceptual and motor), it should be reasonable to 
claim that the performance was similar. Finally, it is necessary to consider the implicit 
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and explicit nature of this locomotor sequence learning task, discussing the possible 
structures also involved in this process. During motor practice, there is a competition 
between implicit memory system - which activates more the primary motor cortex (M1) 
during implicit motor learning- and the explicit memory system- which engages the 
dorsal premotor cortex (PMd), mediated by neural substrates that participate in this 
competition. Furthermore, it was demonstrated that M1 involved in the process of 
learning consolidation, such as stabilization and offline learning, which occurs after 
practice (Kantak, Mummidisetty et al. 2012). We did not ask direct subjects about the 
awareness of the sequence of steps that they were learning, but by the difference in 
results comparing random and sequence blocks, and offline learning we can infer that 
subjects learned the sequence task implicitly. The literature described that specific skill 
tasks were shown to consolidate through sleep, and implicit tasks seemed to merge 
following passage of time without sleep (Lugassy, Herszage et al. 2018). The most 
common models of memory consolidation describe that the activity on hippocampus 
would be involved only on the incorporation of declarative memories, but it seems like 
that this structure is included in the process of sleep-dependent performance 
enhancement, especially for motor sequence tasks (Albouy, King et al. 2013)  
Influence of sleep on learning consolidation. Our results showed that motor 
consolidation is not wake-dependent and no significant greater off-line gains were 
compared to results from the wake-interval to the sleep-interval group. On the other hand, 
perceptual consolidation seems to be sleep-dependent, because offline benefits for the 
sleep-interval group were greater than the wake-interval group. Previous studies 
demonstrated that movement speed in a finger movement sequence improves (indicating 
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learning) more after a 12-hour interval with sleep compared to a 12-hour interval awake 
in young adults (Spencer, Gouw et al. 2007). In our results, we did not find a direct 
correlation between hours of sleep and offline gains. It would be necessary to have more 
specific measurements of sleep, not only hours of sleep but also neurophysiological 
measurements to determine, for example, the percentage spent in certain sleep stages. 
Overnight improvement in procedural memory has been associated with stage NREM2 
sleep (Walker and Stickgold 2004). This suggests that sleep does not only play a passive 
role in transiently sheltering memories from interference. Therefore, sleep-dependent 
memory consolidation seems to be a process that actively contributes to memory 
consolidation of procedural learning (Fischer, Hallschmid et al. 2002, Gais, Molle et al. 
2002, Korman, Doyon et al. 2007), specifically on the perceptual learning aspect.  
Neuroimaging studies have provided more insight into the possible neural 
structures involved in the consolidation process. There are no specific studies 
investigating brain areas activation during a locomotor sequence task but based on the 
behavioral results observed an improvement in performance in this task; we can have a 
better idea of the neural mechanisms involved in this process. The literature reports that 
the declarative memory was associated with the medial temporal lobe, while procedural 
memory was associated with the striatal activity (Squire and Zola 1996). However, in 
recent years, new findings have proposed that these memory systems interact, suggesting 
that there are common neural networks for these memory systems (Robertson 2012). 
Actually, the literature describes that motor consolidation is dependent on primary motor 
area (M1) (Grafton, Hazeltine et al. 1998, Hikosaka, Nakahara et al. 1999), and 
communication within that small local circuit is facilitated by high-frequency oscillations 
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that are noticeable during wakefulness (Muellbacher, Ziemann et al. 2002, Robertson, 
Press et al. 2005). On the other hand, perceptual consolidation may be dependent upon 
communication across a large circuit including the parietal and prefrontal cortices 
(Grafton, Hazeltine et al. 1998, Hikosaka, Nakahara et al. 1999), which is facilitated by 
low-frequency oscillations that are typically observed on NREM sleep stage (Diekelmann 
and Born 2007, Hoffman, Battaglia et al. 2007). Thus, different circuits may remain 
activated after learning; but specific properties of brain states during wakefulness or sleep 
will contribute to subsequent consolidation of each learning aspect (Robertson 2009). 
Sensorimotor adaptation and learning are fundamental to the flexibility of 
locomotion. The usefulness of sleep for enhancing and stabilizing motor performance 
gains in neurorehabilitation have not been thoroughly considered. The findings of this 
study will help improve the understanding of the mechanisms of the brain that underlie 
wake-dependent and sleep-dependent motor memory consolidation. An understanding of 
how the nervous system differentially responds to different training schedules will allow 
clinicians to customize rehabilitation regimes for the recovery of patient-specific gait 
disorders, and thereby maximize training efficiency. Health professionals working in the 
rehabilitation of patients with walking difficulties should be more careful in evaluating 
the quality of patients’ sleep, applying questionnaires, for example, to screen for possible 
sleep disorders. Our results and the literature have shown the performance benefits for 
different motor skill learning tasks. We expect that considering different aspects related 
to the neural mechanisms involved in motor learning will help in the future development 
of improved neurorehabilitation approaches to the best recovery of patients’ with walking 
difficulties. 
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4.6 Conclusion 
Previous studies of sequence learning have almost exclusively focused on upper 
limb motor tasks. To our knowledge, this is the first study to use a locomotor sequence 
learning task to demonstrate that sleep plays an vital role in this particular learning 
consolidation process, particularly perceptual learning. These results provided novel 
insight into the role of sleep in consolidation with learning involving the lower limbs. 
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Table 4.1 Sleep questionnaires scores for Study 1 
 
 Sleep Questionnaires 
Groups SSS 1 SSS 2 PSQI MEQ-SA 
1a (Motor-Wake) (n=12) 2 ±0.77 2 ±0.71 4 ±1.16 51 ±7.13 
1b (Motor-Sleep) (n=12) 1 ±0.67 2 ±0.71 3 ±1.74 53 ±15.90 
2a (Perceptual-Wake) (n=12) 2 ±0.62 2 ±0.62 4 ±0.83 49 ±12.93 
2b (Perceptual-Sleep) (n=12) 2 ±0.86 1 ±0.49 4 ±1.31 48 ±11.34 
 
The scores represent the average response for each group (n=12 per group). 
Stanford Sleepiness Scale (SSS) 1 and 2, session 1 and 2, respectively. Pittsburg 
sleep quality index (PSQI), Morningness-Eveningness Questionnaire (MEQ-SA).  
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Figure 4.1 Locomotor sequence learning during morning and evening 
Lines represents group average score for 13 blocks, random (R) and sequence (S) during 
training, for participants performing Locomotor Sequence task during morning – Group 
1a and Group 2a (n=24) and evening – Group 1b and 2b (n=24). * p< .05.  
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Figure 4.2 Immediate and delay transfer of motor sequence learning  
Each line represents motor skill during the Delay and Immediate test for each participant. 
The green line represents the group average for (A) Group 1a (Motor-wake) Trained 
sequence, (B) Group 1b (Motor-sleep) Trained sequence (C) Group 1a (Motor-wake) 
Untrained sequence, and (D) Group 1b (Motor-sleep) Untrained sequence. *p<.05 
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Figure 4.3 Immediate and delay transfer of perceptual sequence learning   
Each line represents perceptual skill during Delay and Immediate test for each 
participant. The green line represents the group average for (A) Group 2a (Perceptual-
wake) Trained sequence, (B) Group 2b (Perceptual-sleep) Trained sequence (C) Group 
2a (Perceptual-wake) Untrained sequence, and (D) Group 2b (Perceptual-sleep) 
Untrained sequence. *p<.05 
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Figure 4.4 The effects of sleep vs. time wake on motor sequence  
Bars represent the average difference in performance between sessions for a trained 
sequence or untrained sequence tested in the Motor condition for Group 1a (Motor-wake, 
n=12) and Group 1b (Motor-sleep, n=12). * p< .05 
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Figure 4.5 The effects of sleep vs. time awake on perceptual sequence  
Bars represent the average difference in performance between sessions for a trained 
sequence or untrained sequence tested in the Perceptual condition for Group 2a 
(Perceptual-wake, n=12) and Group 2b (Perceptual-sleep, n=12). * p< .05 
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CHAPTER 5 
 
SLEEP-DEPENDENT CONSOLIDATION OF LOCOMOTOR ADAPTATION  
5.1 Abstract  
Locomotor adaptability is fundamental to the flexibility of locomotion. 
Locomotor adaptation is defined here as the modification of a locomotor pattern to new 
demands based on trial-to-error feedback. For example, during split-belt treadmill 
walking, inter-limb coordination is asymmetric initially, but people gradually adjust the 
coordination between the two legs to reduce step length asymmetry. When the belts are 
returned to the same speed, the reversed asymmetry (after-effect) occurs, and baseline 
performance must be recovered through active de-adaptation. Here we examined whether 
time- and sleep-dependent consolidation accelerates re-adaptation to split-belt walking, 
an effect known as “savings.” Forty-eight healthy participants performed split-belt 
treadmill walking at a 2:1 speed ratio over 15 mins of training. Relearning of the 2:1 
split-belt walking pattern was assessed immediately (Immediate test), and again after a 
delay period of 30 minutes, 12-hours with overnight sleep, or 12-hours of daytime awake 
(Delay test) with an interference task (i.e., split-belt walking at reversed 1:2 speed ratio). 
An additional group was tested after a delay period of 30 minutes without interference. 
The results show that savings in step length adaptation were only enhanced (Delay > 
Immediate) in the Sleep Interference group, suggesting that consolidation of step length 
adaptation is sleep-dependent. In contrast, there was a general increase in savings of 
double support adaptation from Immediate and Delay test, and there were no significant 
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effects of time or sleep, suggesting that savings in double support adaptation were merely 
due to repeated split-belt exposure.  
5.2 Introduction 
Walking is a unique motor behavior because, unlike other voluntary movements, 
central pattern generators afford the spinal cord nearly autonomous control of the basic 
locomotor synergy in many animals (Grillner and Wallen 1985). In humans, the activity 
of this spinal network depends much more on supra-spinal influences such as the 
cerebellum and motor cortex (Morton and Bastian 2004, Drew and Marigold 2015). 
Moreover, the motor circuits in the human brain and spinal cord are specialized to meet 
the functional requirements of bipedal walking (Nielsen 2003). Human walking is a 
complex motor task that requires precise coordination of timing and scaling of many 
muscles acting across multiple joints. 
Adaptive processes allow us to modify our locomotor patterns to suit changing 
environments (Torres-Oviedo, Vasudevan et al. 2011). There are many different 
strategies for motor learning adaptation. During walking training, the difficulty can be 
manipulated by controlling the task requirements of motor skills. Specifically, the level of 
complexity can be increased by abruptly introducing a strategy of immediate information 
and then maintained throughout the practice, an approach that results in significant errors 
in motion (Criscimagna-Hemminger, Bastian et al. 2010).  
Motor adaptation can be explained as a short-timescale motor learning process, 
which is an error-driven process that leads to adjustment on stored movement calibrations 
used to make predictions of movement outcomes (Malone, Bastian et al. 2012). The 
motor adaptation allows us to adjust to sensorimotor mappings of well-learned 
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movements during challenging environment situations or changes on the body (Bastian 
2008). This adaptation is significant for human behavior and rehabilitation, even if the 
nature of this adaption is relatively transient. Because, even with limited ‘learned’ motor 
patterns, the adaptation allows the nervous system a highly flexible control, where 
participants can adapt in many different conditions, allowing them to predict movements 
while facing changes in the demands of the task (Bastian 2008). 
Previous work demonstrated that people could store new walking patterns learned 
on a split-belt treadmill – a locomotor adaptation task that imposes different walking 
speeds on each leg (Reisman, Block et al. 2005, Choi and Bastian 2007). In motor 
adaptation tasks, the behavioral correlation of memory consolidation is manifested by 
faster re-adaptation when the same function is practiced twice, an effect known as 
savings (Debas, Carrier et al. 2010). In the context of split-belt walking, the amount of 
savings is influenced by the initial learning conditions (e.g., larger perturbations led to 
more savings) as well as the practice duration in the new environment (Roemmich and 
Bastian 2015, Leech, Roemmich et al. 2018). Although the involvement of the 
cerebellar–cortical pathway in locomotor adaptation learning has been demonstrated 
(Morton and Bastian 2006, Choi and Bastian 2007), the neural substrates of the formation 
of long-term locomotor memories are still mostly unknown (Mawase, Bar-Haim et al. 
2017).  
Also, previous studies demonstrated that overnight improvement in procedural 
memory had been associated with NREM2 sleep (Walker and Stickgold 2004). Other 
sleep stages, such as REM and NREM stage 3 (Slow-wave sleep) has also been 
associated with the sleep-consolidation in different types of motor tasks (Spencer 2013). 
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During REM and NREM sleep stages, there is a series of electrophysiological events that 
mediate brain plasticity, potentiating synaptic connections. Sleep spindles most 
commonly found during NREM stage 2, seem to promote similar spike trains that are 
used to experimentally induce long-term synaptic potentiation, a well-known mechanism 
involved in the process of motor memory formation (Spencer 2013). Therefore, sleep-
dependent memory consolidation is thought to represent multiple processes that actively 
contribute to memory consolidation of declarative learning (Born and Wilhelm 2012), 
emotional memories (Baran, Pace-Schott et al. 2012) and procedural learning (Fischer, 
Hallschmid et al. 2002, Gais, Molle et al. 2002, Korman, Doyon et al. 2007). Most sleep 
studies focused on motor tasks for upper limbs, and evidence of consolidation is limited 
to off-line learning (Walker, Brakefield et al. 2002, Walker, Brakefield et al. 2003), as 
opposed to resistance to interference (Krakauer and Shadmehr 2006).  
The study aimed to investigate the consolidation of a locomotor adaptation task, 
using a split-belt treadmill. Previous studies have demonstrated savings of split-belt 
walking adaptation, by measuring the rate of adaptation and re-adaptation in the same 
session (e.g., split A à split A). However, it is still not clear how savings of locomotor 
adaptation memories evolve with or without sleep. Here we measured savings of split-
belt walking adaptation immediately (30 mins) or 12 hours after initial practice. In 
addition, interference trials (i.e., with belt speed ratio reversed) were used to challenge 
the robustness of the locomotor memory (e.g., split A à split B à split A). Sleep-
dependent consolidation was tested by comparing performance in delayed recall after an 
interval of overnight sleep (e.g., 8 pm-8 am) or an equivalent interval awake (e.g., 8 am-8 
pm). 
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We hypothesized that savings would be enhanced during Delay recall (12 hours) 
compared to Immediate recall (30 mins), suggesting that the memory trace becomes more 
stable over time. Alternatively, locomotor memories from split-belt adaptation may be 
temporally-labile, in which case, we may see fewer savings on Delayed recall. To our 
knowledge, no previous studies have investigated the effects of sleep on the consolidation 
of locomotor memories. Here we tested the hypothesis that sleep plays an active role in 
the consolidation of adaptation learning.  
5.3 Methods 
5.3.1 Participants 
Forty-eight healthy adults (aged 24.9 ± 4.5 yrs., 26 males, 22 females) with no 
known neurological disorders participated in this study. All participants gave informed 
written consent before the study in accordance with the protocol approved by the 
Institutional Review Board of the University of Massachusetts, Amherst. None of the 
participants had prior experience walking on a split-belt treadmill. 
At the beginning of each session, participants also completed the Stanford 
Sleepiness Scale (SSS), a subjective measure of current sleepiness (Hoddes and Zarcone 
1972), the Morningness-Eveningness questionnaire (MEQ-SA) (Horne and Östberg 
1976), Sleep Diary and Pittsburg sleep quality index (PSQI) (Buysse, Reynolds et al. 
1989) for characterization. 
Participants were asked to wear compression shorts, t-shirts, and tennis shoes. 
Split-belt walking adaptation was studied using instrumented split-belt treadmill (Bertec, 
Columbus, OH) with two separate belts driven by independent motors - these belts could 
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be driven at the same speed (“tied-belts”) or different speeds (“split-belts”). Speed 
commands for each belt were sent to the treadmill through a computer interface. 
Participants were positioned in the middle of the treadmill with one leg on each belt 
while wearing a safety harness suspended from the ceiling. The safety harness did not 
support their body weight. At the beginning of each trial, the belts were stationary. They 
were also told to refrain from looking down at the belts. Participants remained on the 
treadmill (either standing or seated) between trials for the entire session each day.  
5.3.2 Experimental design 
Each experiment consisted of two sessions (Table 3.3). Participants were 
randomly assigned to one of four experimental groups. Session 1 was identical for all 
experimental groups: the Baseline period consisted of three trials of tied-belt walking 
with both belts set at 0.7, 1.4 and 0.7 m/s, respectively; the Acquisition period consisted 
of three trials of split-belt walking at a speed ratio 2:1 (slow leg 0.7 m/s, fast leg 4 m/s, 
randomized left and right legs). The Immediate test consists of two trials of tied-belt 
walking at 0.7 and 1.4 m/s (wash-out trials) and one trial of split-belt walking at the speed 
ratio 2:1 to measure immediate savings. The duration of each trial was five minutes. 
During the delay period, participants were instructed to fill out the sleep 
questionnaires and for Group 3a, 3b and 3c they were told not to sleep or take a nap 
during the minutes/hours between the sessions. Groups 3a and 3b performed Session 2 
after a 30-minute delay period, Group 3c after a 12-hour delay period spent awake, and 
Group D after a 12-hour delay period with sleep. To accomplish this, Group 3c was 
scheduled to perform Session 1 in the morning (7-9 am) and Session 2 in the evening (7-9 
pm) after a 12-hour interval of a daytime wake. Group 3d performed Session 1 in the 
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evening (7-9 pm) and Session 2 in the morning (7-9 am) after a 12-hour interval 
containing overnight sleep.  
Session 2 included the Interference period (for Groups 3b, 3c, and 3d) and Delay 
test (all groups). The Interference period consisted of two trials of tied-belt walking at 0.7 
and 1.4 m/s (wash-out) followed by one trial of split-belt walking at a 1:2 speed ratio 
(reversed speed ratio). The Delay test is identical to the Immediate test, which consisted 
of two trials of tied-belt walking at 0.7 and 1.4 m/s (washout trials) and one trial of split-
belt walking at the speed ratio 2:1 to measure delayed savings 
The duration of the visits was one hour on session 1 and one hour on session 2. 
For all groups, the total time on the treadmill was 45 minutes on session 1 and 30 minutes 
on session 2, except for Group 3a (no interference), of which session 2 lasted only 15 
minutes.  
5.3.3 Data collection 
Retro-reflective markers were placed on participants bilaterally over the toe (fifth 
metatarsal head), ankle (lateral malleolus), knee (lateral femoral epicondyle), hip (greater 
trochanter), pelvis (anterior superior iliac spine), and cervical (C7). Three-dimensional 
kinematic data were collected at 100 Hz using a 4-camera Qualysis motion capture 
system (Göteborg, Sweden).  
5.3.4 Data analysis 
The outcome measures of interest were step length asymmetry (SLA) and double 
support asymmetry (DS). Step length was calculated as the anterior-posterior distance 
between the ankle markers at the time of heel strike. Fast and slow step length 
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corresponds to the leading leg being on the fast or slow belt, respectively, at heel strike. 
Double support time is calculated as the duration when both legs are on the ground. Fast 
and slow double support time corresponds to the double support occurring at the end of 
the slow leg’s stance (i.e., the time from slow leg heel-strike to fast leg toe-off) and the 
fast leg’s stance (i.e., the time from fast leg heel-strike to slow leg toe-off), respectively. 
Step length asymmetry (SLA) and double support asymmetry (DSA) were defined 
as the normalized difference between legs, i.e., asymmetry = (fast step length−slow step 
length) / (fast step length + slow step length), where an asymmetry value of 0 indicates 
symmetric stepping. We measured SLA and DSA during acquisition, Immediate test and 
Delay test across four distinct time epochs: initial (means the first five strides), early 
change (means strides 6–30), late change (means strides 31–200), and the plateau (means 
the last 20 strides)., We also calculated the change in SLA and from the Immediate to 
Delay test (e.g., DSLA = Delay SLA - Immediate SLA), for each time epoch. 
5.3.5 Statistical analysis 
A repeated-measure two-way ANOVA was performed to investigate and compare 
SLA and DSA between participant variables Trials (acquisition, Immediate test, Delay 
test) and Epoch (first stride, initial, early, late and plateau). When ANOVAs showed a 
significant effect, the Bonferroni test was used for post-hoc pairwise analysis.  
In addition, independent samples T-tests were used to perform planned 
comparisons for DSLA and DDSA between groups. Specifically, the effect of time was 
determined by comparing Group 3b (Interference) and Group 3c (Wake Interference); the 
impact of sleep by comparing Group 3c (Wake Interference) to Group 3d (Sleep 
    97 
Interference); the effect of interference by comparing Groups 3b, 3c and 3d to Group 3a 
(No Interference). 
We performed all statistical analyses using software SPSS (IBM Corp.â), with 
statistical significance established at p < 0.05. 
5.4 Results  
5.4.1 Participant characteristics 
According to the Sleep Diary the subjects reported sleep hours on the day before 
the test for Group 3a = 7.2 (±1.77), Group 3b = 8 (±1.17), Group 3c = 7.57 (±1.28) and 
Group 3d = 8 (±1.99). Also, the subjects reported sleep hours on the day of the test for 
Group 3a = 7.85 (±0.97), Group 3b = 7 (±1.13), Group 3c = 7.46 (±1.01) and Group 3d = 
8 (±1.15). The observed results reflect no differences in circadian rhythms for the 
different groups. There was no difference between groups on the MEQ –SA 
questionnaire (F (3,44) = 0.897, P = 0.450), nor on the PSQI questionnaire (F (3,44) = 
0.882 P = 0.458) (Table 5.1). In addition, the participants’ perceived alertness (SSS) did 
not differ across groups for session 1 (F(3,44) = 0.277, P = 0.842) and session 2 (F(3,44) 
= 0.807, P = 0.497). Also, there was no difference between session for SSS(t(9) = 1.000, 
p = 0.343) for Group 3a, (t(9) = .000, p = 1.000) for Group 3b, (t(13) = 1.578, p = 0.139) 
for Group 3c  and (t(13) = -1.000, p = 0.336) for Group 3d. Thus, while we do not have 
any direct measures of circadian rhythms, individual differences in sleep-wake cycles 
were not identified in these questionnaires. 
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5.4.2 Step length asymmetry adaptation 
Group 3a (No Interference) – Figure 5.1 shows SLA for trials during acquisition 
phase, Immediate test and Delay test across five distinct time epochs: first stride, initial 
(mean of the first 5 strides), early change (mean of strides 6–30), late change (mean of 
strides 31–200) and plateau (mean of 20 last strides) for Group 3a. ANOVA showed a 
significant change in SLA across Trials (Acquisition, Immediate and Delay test) [F (2,18) 
= 38.925, P = .000].  Post-hoc analysis showed that on average SLA across epochs 
decreased from acquisition to Immediate test (p = .000) and Acquisition to Delay test (p 
= .000), suggesting a savings effect (i.e., faster re-adaptation) on re-exposure.  There was 
no difference between Immediate test and Delay test (p = .816), suggesting that the 
Immediate savings was maintained after a 30-min delay. There was also a significant 
interaction effect of Trials*Epoch [F (8,72) = 3.013, p = .006].  Pairwise comparisons 
showed that the savings from Acquisition to the Immediate test were expressed in the 
Initial, Early, Late and Plateau epochs (p < .05), and maintained in the Early, Late and 
Plateau epochs during Delay test (p < .05). 
Group 3b (Interference) – Figure 5.2 shows a significant change in SLA across 
trials and epochs for Group 3b [Trial effect, F (2,18) = 11.100, p = .001; Trial*Epoch 
interaction, F (8,72) = 2.964, p = .006]. Post-hoc analysis showed that average SLA 
across time epochs decreased from acquisition to Immediate test (p = .009), suggesting a 
savings effect. However, there was no difference between Acquisition and Delay test (p = 
.087), or Immediate and Delay tests (p = .075), suggesting that the savings was gone after 
a 30-min delay with interference.  Pairwise comparisons showed that the savings from 
Acquisition to the Immediate tests were expressed in the Initial, Early and Late time 
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epochs (p < .05), while savings from Acquisition to the Delay tests were only retained in 
the initial and early time epochs (p < .05). 
Group 3c (Wake Interference) – Figure 5.3 show the change in SLA across trials 
and epochs for Group 3c. [Trial effect, F (2,26) = 7.005, p =.004; Trial*Epoch, F (8,104) 
= 2.402, p = .020]. Post-hoc analysis showed a significant SLA decrease from acquisition 
to Immediate test (p = .007), indicating a savings effect. However, the savings was 
eliminated after a 12-hr period awake with interference, as indicated by a significant SLA 
increase from Immediate test to Delay test (p = .011), and no difference between 
Acquisition compared to Delay test (p = 1.000). Pairwise comparisons showed that the 
savings from Acquisition to the Immediate tests were expressed in the Early, Late and 
Plateau time epochs (p <.05), while savings from Acquisition to the Delay tests was only 
retained in the plateau time epoch (p < .05). 
Group 3d (Sleep Interference) – Figure 5.4 show a significant change in SLA 
across trials and epochs for Group 3d [Trial effect, F (2,26) = 17.994, p = .000; 
Trial*Epoch, F (8,104) = 2.713, p = .009]. Post-hoc analysis showed a significant SLA 
decreased from Acquisition compared to Immediate test (p = .000) and Delay test (p = 
.003), suggesting a savings effect that was maintained after a 12-hr period with sleep 
despite interference. In fact, there was no significant difference in average SLA between 
Immediate test and Delay test (p = 1.000). Pairwise comparisons showed that the savings 
from Acquisition to the Immediate tests were expressed in the Early, Late and Plateau 
time epochs (p < .05), and these savings were also retained across the Early, Late and 
Plateau epochs (p < .05). 
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5.4.3 Time- and sleep-dependent consolidation of step length adaptation 
Independent paired t-tests were used to compare savings (i.e., DSLADelay-Immediate) 
between Group 3b (30-min Interference) and Group 3c (Wake Interference) to determine 
the effect of time passed time, and between Group 3c (Wake Interference) and Group 3d 
(Sleep Interference) to determine effect of sleep (Figure 5.5). The effect of time passage 
was not significant, except for a difference in the Late time epoch (p= .050).  The effect 
of sleep was significant in the First Stride (p=.002), Initial (p = .002) and Early epochs (p 
= .047) (Figure 5.5).  In fact, the magnitude of savings was greater after a 12-hr interval 
with sleep with interference, compared to a 30-min interval without interference in the 
First stride (p= .034) and initial (p = .034). 
5.4.4 No correlation between sleep duration and step length adaptation 
A Pearson product-moment correlation was run to determine the relationship 
between hours of sleep and savings for step length asymmetry. For Group D there was a 
negative correlation between hours of sleep and savings during Initial adaptation, but it 
was not statistically significant (r = .047, n = 14, p = .872). There was a positive 
correlation during Early adaptation (r = -.067, n = 14, p = .821) and during late adaptation 
(r = -.016, n = 14, p = .957), both not significant.  
5.4.5 Double support asymmetry adaptation 
Group 3a (No Interference) – Figure 5.6 shows DSA for trials during Acquisition 
phase, Immediate test and Delay test across five distinct time epochs: first stride, initial 
(mean of the first 5 strides), early change (mean of strides 6–30), late change (mean of 
strides 31–200) and plateau (mean of 20 last strides) for Group A. ANOVA showed no 
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significant change across Trials (Acquisition, Immediate and Delay test) [F (2,18) = 
3.090, p = .070]. Also, there was also no significant interaction effect of Trials*Epoch [F 
(8,72) = 1.681, p = .118].   
Group 3b (- Interference) – Figure 5.7 show a significant change in DSA across 
Trials (Acquisition, Immediate and Delay test) for Group B [Trial effect, F (2,18) = 
5.019, p = .044].  However, there was no significant interaction effect of Trials*Epoch [F 
(8,72) = 3.313, p = .074]. Post-hoc analysis showed no significant decrease in DSA from 
Acquisition compared to Immediate test (p = .161), Acquisition to Delay test (p=.128) or 
Immediate to Delay test (p=1.000). Pairwise comparisons showed that the savings from 
Acquisition to the Immediate tests were expressed in the Initial and Early time epochs (ps 
< .05), and from Immediate to Delay tests expressed in the Early time epochs (ps < .05)  
Group 3c (Wake interference) Figure 5.8 show a significant change in DSA 
across Trials [F (2,26) = 18.950, p = .000]. Post-hoc analysis showed a significant 
decrease in DSA from Acquisition to Immediate test (p = .001) and Delay test (p = .001), 
and no significant difference between the Immediate and Delay tests (p = 1.000), 
suggesting a savings effect that was maintained after a 12-hr period awake with 
interference. Also, there was significant interaction effect of Trials*Epoch [F (8,104) = 
8.572, p = .001]. Pairwise comparisons showed that the savings from Acquisition to the 
Immediate test were expressed in the Initial, Early and Plateau time epochs (p < .05), and 
these savings were also retained across the Initial, Early and Late (p < .05). 
Group 3d (Sleep interference) Figure 5.9 show a significant change in DSA 
across Trials [F (2,26) = 18.950, p = .000]. Post-hoc analysis showed a significant 
difference from Acquisition compared to Immediate test (p = .001) and Delay test (p = 
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.001), and no significant difference between Immediate test and Delay test (p = 1.000), 
suggesting a savings effect that was maintained after a 12-hr period with sleep despite 
interference. Also, there was significant interaction effect of Trials*Epoch [F (8,104) = 
8.572, p = .001]. Pairwise comparisons showed that the savings from Acquisition to the 
Immediate tests were expressed in the Initial and Early time epochs (p < .05), and these 
savings were also retained across the Initial and Early (p < .05). 
5.4.6 Time- and sleep-dependent consolidation of double support adaptation 
Independent paired t-tests were used to compare savings (i.e., DDelay-Immediate) 
between Group B (30-min Interference) and Group C (Wake Interference) to determine 
the effect of time passed time, and between Group C (Wake Interference) and Group D 
(Sleep Interference) to determine effect of sleep for each time epochs (Figure 5.10). The 
effect of time passage was not significant (p < .05), suggesting that savings of double 
support adaptation was not strengthened with passage of time. The effect of sleep was 
also not significant (p < .05), suggesting that consolidation of double support adaptation 
was not promoted by sleep. 
5.4.7 No correlation between sleep duration and double support adaptation 
A Pearson product-moment correlation was run to determine the relationship 
between hours of sleep and savings for double support. For Group D there was a negative 
correlation between hours of sleep and savings during Initial adaptation, but it was not 
statistically significant (r = -.269, n = 14, p = .353). There was a positive correlation 
during Early adaptation (r = .024, n = 14, p = .935) and during late adaptation (r = .079, n 
= 14, p = .788), both not significant.  
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5.5 Discussion 
In this study, we used a novel experimental protocol to investigate motor 
adaptation on the split-belt treadmill, interference in this learning process, as well as 
investigating the benefits of sleep for savings, expressed as faster re-learning. Locomotor 
adaptation can be seen as a single adaptation that may not reflect long-lasting effects, yet 
this is a critical step in the rehabilitation process (Roemmich and Bastian 2015). During 
this locomotor adaptation, participants walked with one leg twice as fast as the other. 
After adaptation, they walked with both legs at the same speed, and after 30 minutes or 
12-hour interval, they were submitted to the same adaptation showing savings. 
Participants were able to re-adapt faster to the split-belt treadmill even after this new 
learning pattern was washed out, showing similar results to previous studies in the 
literature (Malone , Vasudevan et al. 2012, Roemmich and Bastian 2015). 
 Therefore, we have shown savings as faster adaption recalled day-to-day, and that 
the interval between sessions may affect how much savings participants present in the 
second session. The other studies in the literature describing interference in motor 
learning were performed mostly in arm reaching tests, making the comparison of our 
results to these studies more difficult. There are therefore minimal human behavioral data 
available about the time course of consolidation with time scales. Malone et al. (2011), 
was the only study to perform the same interference protocol on the split-belt treadmill. 
These authors described benefits from this opposite split-belt perturbation completed 
within minutes of the initial adaptation. They argue that participants may have learned a 
bilateral rule that would allow them to adapt to any split-belt perturbation in general, 
independent of which leg was trained on the fastest belt. They observed that adjusting to 
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an opposing pattern in session 1 did not only not interfere in session 2 (after 24 hours) but 
helped on the re-learning process. Our results did not show the same benefits, when 
comparing the results for the Groups 3a and 3b, assessing if the interference after 30 
minutes would decrease savings across sessions. We did expect stronger interference 
results for Group B on decreasing savings, indicating that not enough time was allowed 
between sessions to consolidate the locomotor adaptation. One reasonable explanation is 
that the interference had to be more robust to promote a real deficit in the process of 
consolidation of this type of motor memory. 
 Another key finding from this study was the role of sleep and wake on savings. 
Thus far, the literature has not demonstrated strong evidence about the benefits of 
sleeping in this particular motor task. In our results, we found evidence that during early 
adaptation for Group 3c (Wake Interference) there was an increase in SLA from 
Immediate test to Delay test. Also, step length adaptation was only enhanced (Delay > 
Immediate) in the Sleep Interference group, suggesting that consolidation of step length 
adaptation is sleep-dependent. The only studies that reported savings on split-belt 
adaptation after a time interval was from Leech et al., (2017) that demonstrated 
immediate savings when participants are submitted to large abrupt perturbations on split 
belt adaptation, and, Malone et al., (2012) showed savings on different adaptation 
training structures comparing adaptation after an interval of 24 hours. These studies did 
not in their hypothesis address the influence of sleep in this type of motor adaptation. Our 
study was the first behavioral study in humans using an experimental protocol that allows 
us to correlate the benefits of sleep to savings on locomotor adaptation. Comparing the 
results from both groups, we can claim that sleep plays an important role to recall. 
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 Moreover, there was a general increase in savings of double support adaptation 
from Immediate and Delay test, and our results did not find a significant effect from time 
or sleep. This might suggest that savings in double support adaptation were merely due to 
repeated split-belt exposure. The cerebellum seems to be a fundamental structure 
involved in both spatial and temporal parameters. Also, spatial coordination is more 
dependent on cerebellar-cerebral structures. On the other hand, temporal coordination is 
related to the cerebellar brainstem and spinal control. However, studies with stroke 
patients adapting on the split-belt treadmill have shown a possible difference in these 
connections compared to healthy individuals. Therefore, it is difficult to conclude the 
exact structures and relationships that involve split-belt adaptation.  
 Our study may provide some insight into the possible brain regions involved in 
both of these domains, spatial and temporal. Although we do not have any specific 
neurophysiologic data to claim the exact mechanism involved in this consolidation 
process, according to previous findings in the literature, we may better understand our 
findings. Walker et al. (2002) using a finger-tapping task, demonstrated a remarkable 
difference in motor skill improvement overnight’ compared to a similar period of waking 
and found a relationship between a higher percentage spent in NREM2 and improve 
performance. Also, neuroimaging studies have provided more evidence suggesting that a 
network involving hippocampus, striatum, thalamus, and cerebellum would be involved 
in early stages of skill acquisition encoding specific experiences before consolidation into 
neocortical systems (Albouy et al. 2013c). Therefore, it seems that the regions of the 
nervous system that are involved in motor adaptation, are the motor cortex and the 
cerebellum. Li et al. (2001) analyzed the neuronal activity recorded in M1 in a force field 
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adaptation task on monkeys, showing that neurons remain on the adapted state promoting 
a faster relearning. Also, previous work showed that using split belt adaptation requires 
different cerebellum regions and pathways, such as vestibulospinal and reticulospinal 
(Vasudevan et al. 2011). Other future work might investigate the specific 
neurophysiological mechanisms involved in the locomotor adaptation task to provide 
further evidence of the findings in our study. 
 
5.6 Conclusion 
 We have found that using a behavioral study to investigate locomotor adaptation 
can provide information about the influence of interference and benefits of sleep in this 
type of motor task. Based on these experiments, we found evidence that sleep seems to 
play an essential role in locomotor adaptation. We demonstrated that savings as faster 
adaption recalled day-to-day and that the interval between sessions may affect how much 
savings participants present in the second session. These findings are crucial for walking 
rehabilitation patients. Health professionals involved in their rehabilitation process might 
use this new knowledge to implement a more efficient protocol, enhancing the ability of 
the patients to recover, providing better therapy schedules and exercise routines. 
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Table 5.1 Sleep questionnaires scores for Study 2 
 
 Sleep Questionnaires 
Group SSS 1 SSS 2 PSQI MEQ-SA 
3a (No interference) (n=10) 2 ± 0.99 2 ± 0.57 4 ± 1.33 57 ± 9.82 
3b (Interference) (n=10) 2 ± 0.56 2 ± 0.57 5 ± 2.91 50 ± 11.12 
3c (Wake Interference) (n=14) 2 ± 0.83 2 ± 0.84 4 ± 0.96 56 ± 7.08 
3d (Sleep Interference) (n=14) 2 ± 0.77 2 ± 0.74 4 ± 2.67 54 ± 10.87 
 
The scores represent the average response for each group (n=12/each). Stanford 
Sleepiness Scale (SSS) 1 and 2, session 1 and 2, respectively. Pittsburg sleep 
quality index (PSQI), Morningness-eveningness questionnaire (MEQ-SA).  
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Figure 5.1 Step length asymmetry Group 3a  
Group 3a (No interference) (n=10). Bars represent the average step length asymmetry 
(SLA) for five time epochs: first stride, initial (1-5 strides), early (6-30 strides), late (31-
150 strides) and plateau (last 30 strides) for each adaptation trial (Acquisition, Immediate 
test and Delay test). SLA = (fast step length−slow step length)/ (fast step length + slow 
step length). *p<.05  
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Figure 5.2 Step length asymmetry Group 3b 
Group 3b (Interference) (n=10). Bars represent the average step length asymmetry (SLA) 
for five time epochs: first stride, initial (1-5 strides), early (6-30 strides), late (31-150 
strides) and plateau (last 30 strides) for each adaptation trial (Acquisition, Immediate test 
and Delay test). SLA = (fast step length−slow step length)/ (fast step length + slow step 
length). *p<.05  
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Figure 5.3 Step length asymmetry Group 3c  
Group 3c (Wake Interference) (n=14). Bars represent the average step length asymmetry 
(SLA) for five time epochs: first stride, initial (1-5 strides), early (6-30 strides), late (31-
150 strides) and plateau (last 30 strides) for each adaptation trial (Acquisition, Immediate 
test and Delay test). SLA = (fast step length−slow step length)/ (fast step length + slow 
step length). *p<.05  
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Figure 5.4 Step length asymmetry Group 3d 
Group 3d (Sleep Interference) (n=14). Bars represent the average step length asymmetry 
(SLA) for five time epochs: first stride, initial (1-5 strides), early (6-30 strides), late (31-
150 strides) and plateau (last 30 strides) adaptation for each adaptation trial (Acquisition, 
Immediate test and Delay test). SLA = (fast step length−slow step length)/ (fast step 
length + slow step length). *p<.05  
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Figure 5.5 Savings of step length asymmetry  
Bars represent the difference average step length asymmetry (SLA) between delay and 
immediate, during five time epochs: first stride, initial (1-5 strides), early (6-30 strides), 
late (31-150 strides) and plateau (last 30 strides) for Group 3a (No interference, n=10), 
Group 3b (Interference, n=10), Group 3c (Wake Interference, n=14) and Group 3d (Sleep 
Interference, n=14).. *p< .05  
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Figure 5.6 Double support asymmetry Group 3a  
Group 3a (No interference) (n=10). Bars represent the average double support asymmetry 
(A) for 5 time epochs: first stride, initial (1-5 strides), early (6-30 strides), late (31-150 
strides) and plateau (last 30 strides) adaptation for each adaptation trial (Acquisition, 
Immediate test and Delay test). *p< .05  
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Figure 5.7 Double support asymmetry Group 3b 
Group 3b (No Interference) (n=10). Bars represent the average double support asymmetry 
(DSA) for 5 time epochs: first stride, initial (1-5 strides), early (6-30 strides), late (31-150 
strides) and plateau (last 30 strides) adaptation for each adaptation trial (Acquisition, 
Immediate test and Delay test). *p< .05  
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Figure 5.8 Double support asymmetry Group 3c 
Group 3c (Wake Interference) (n=14). Bars represent the average double support 
asymmetry for 5 time epochs: first stride, initial (1-5 strides), early (6-30 strides), late 
(31-200 strides) and plateau (last 30 strides) adaptation for each adaptation trial 
(Acquisition, Immediate test and Delay test). *p< .05 
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Figure 5.9 Double support asymmetry Group 3d 
Group 3d (Sleep Interference) (n=14). Bars represent the average double support 
asymmetry (DSA) for 5 time epochs: first stride, initial (1-5 strides), early (6-30 strides), 
late (31-200 strides) and plateau (last 30 strides) adaptation for each adaptation trial 
(Acquisition, Immediate test and Delay test). *p< .05 
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Figure 5.10 Savings of double support asymmetry  
Bars represent the difference average double support between delay and immediate, 
during five time epochs: first stride, initial (1-5 strides), early (6-30 strides), late (31-150 
strides) and plateau (last 30 strides) for Group 3a (No interference, n=10), Group 3b 
(Interference, n=10), Group 3c (Wake Interference, n=14) and Group 3d (Sleep 
Interference, n=14). *p< .05  
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CHAPTER 6 
 
GENERAL CONCLUSION 
6.1 Summary of results 
We investigated the consolidation process of two types of locomotor learning: 
locomotor sequence learning; and locomotor adaptation. We also compared the effects of 
sleep vs. time awake on the consolidation process, by measuring locomotor performance 
during a delayed testing session after a 12-hour interval of overnight sleep and an 
equivalent 12-hour interval awake. Our results revealed that sleep plays a role in the 
process of locomotor memory formation, corroborating previous findings from studies of 
upper limb motor adaptation and motor sequence learning. However, the distinct features 
of walking control also lead to some unique findings that diverge from upper limb 
studies. Below, we will discuss our results in light of the neural control of human 
locomotion.  
6.1.1 The benefit of sleep on consolidation of locomotor sequence learning  
Perception and locomotor pattern generation must be properly integrated for 
successful navigation. Practicing complex locomotor skills, such as those involving 
sequencing, may engage distinct mechanisms that support perceptual and motor learning. 
Using a locomotor sequence learning paradigm, it was shown that performance improved 
more with a repeating sequence, compared to a random sequence, suggesting that 
subjects either learned the sequence of visual stimuli (perceptual learning), or the 
sequence of motor responses (motor learning), or both, to plan and control precise foot 
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placement. In Experiment 1 we used a novel locomotor sequence paradigm to dissociate 
the distinct mechanisms that support perceptual and motor learning, as well as 
investigating the influence of sleep on learning consolidation.  
We found that after sleep, there was a more significant improvement in the 
performance compared to only the passage of time. This offline process demonstrates that 
a newly acquired motor pattern can be strengthened after practice. The results also 
showed strong evidence that perceptual and motor aspects of a locomotor memory are 
processed separately. Here we will also discuss alternative interpretations of the 
distinction we draw between perceptual and motor learning (Dirnberger et al., 2013). The 
acquisition of different elements of a sequence is based on the gradual experience-
dependent changes that occur in varying levels of processing systems allowing the 
simultaneous learning of different sequences (Goschke, 1998). The literature describes 
different associations’ underlying motor sequence learning processing, but studies have 
focused on two specific associations. The first one is response-based, also defined as 
response location, movement responses, motoric, or muscle-based learning. The second 
one is stimulus-based, also termed as response goals, stimulus-dependent, or goal-based 
(Abrahamse et al., 2010). These learning processes also do not appear to be mutually 
exclusive, but instead, occur parallel (Dirnberger et al., 2013). Thus, it is possible that 
what we define as perceptual learning is the same as “goal-based” learning.  
Previous studies of upper limb sequence learning describe that overnight 
improvement in procedural memory has been associated with stage 2 non-rapid eye 
movement (NREM2) sleep (Walker and Stickgold 2004). The appearance of sleep 
spindles characterizes Stage 2 of NREM sleep. Spindles have been associated with sleep 
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homeostasis as well as brain plasticity. Sleep spindles can provide short strings of 
depolarizing inputs to targets in the neocortex that are similar to spike strings used 
experimentally to induce long-term potentiation (LTP), a mechanism believed to be a 
physiological mediator of memory formation (Spencer 2013). For our study we only have 
information about sleep characteristics from questionnaires, which makes it more 
difficult to claim the exact neurophysiological mechanisms involved in learning 
consolidation of lower limb tasks.  
Walking involves the activation of different cortical and subcortical structures. 
The motor cortex provides motor output to the spinal cord. The motor planning usually 
involves the activation posterior parietal cortex, cerebellum, premotor cortex, and basal 
ganglia. Finally, for example the hippocampus is included in the general function of 
navigation (Drew and Marigold 2015). Some of these structures are well known in the 
literature to be engaged in the learning consolidation process of upper limb tasks. Thus, 
while the unique features of gait control could provide results that diverge from upper- 
limb control, it seems reasonable that plastic cortical changes associated with 
consolidation of motor learning are not restricted to the hand and arms areas of the motor 
cortex (Pascual-Leone et al., 1995; Classen et al., 1998), but such effects in the leg area 
of the motor cortex would also play an important role in lower-extremity skill learning, 
and may follow a similar time course in arm vs. leg training according to task difficulty 
(Perez et al., 2004). In the lower-extremity, changes in cortical excitability should also be 
associated with changes in spinal function (e.g., h-reflex), reflecting the coupled changes 
between the spinal cord and supraspinal networks (Perez et al., 2006; Christiansen et al., 
2017). 
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These findings from my dissertation also bring new knowledge to understand how 
sleep plays an active role in memory processing, especially for perceptual learning for a 
lower limb motor task. Studies using upper limbs motor tasks showed similar results 
regarding the benefits of sleep for perceptual learning, but in contrast to these studies we 
did not find the benefits of the passage of time for motor learning. It seems that fronto-
parietal areas are responsible for encoding goal-based aspects of skill and these are 
associated with overnight skill improvements. On the other hand, M1 would be 
responsible for encoding movement-based elements of skill, a structure that makes a 
critical contribution to skill improvements through the day (Cohen, Pascual-Leone et al. 
2005). 
6.1.2 The benefit of sleep on consolidation of locomotor adaptation 
In Experiment 2 we applied an innovative experimental paradigm to investigate 
consolidation on locomotor adaptation. The motor adaptation task is different from the 
motor sequence task because it is error-driven, a task where there is an attempt to 
minimize the errors. In general, during sequence learning tasks you acquire new 
elements, performing a new motor skill. It seems that the adaptation is driven by 
calibrating internal movements representation and minimize ‘costs’ associated with the 
task. In motor adaptation tasks, like this, the behavioral correlates of memory 
consolidation are observed by this faster re-adaptation when the same function is 
practiced twice, described as savings (Leech, Roemmich et al. 2018). Many studies 
demonstrated savings of split-belt walking adaptation, by measuring the rate of 
adaptation and re-adaptation in the same session.  
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Our study was the first to evaluate how adaptation memories evolve with or 
without sleep. Sleep-dependent consolidation was tested by comparing performance in 
delayed recall after an interval of overnight sleep or an equivalent interval awake. We 
found evidence that sleep plays a role in the faster re-learning split-belt adaptation. The 
difference in our results compared to previous studies that did not find benefits of sleep 
on motor adaptation tasks may be because the rotation adaptation task has different 
demands on upper-arm effectors and extent of kinematic adaptation needed (Debas et al. 
2010). However, a more recent study using a visuomotor adaptation task showed sleep 
benefits, demonstrating an increase in slow-wave activity, enhancement of neuronal 
synchronization, as a consequence of an increase in synaptic density and efficacy 
(Wilhelm, Kurth et al. 2014). Finally, a study investigated the impact of diurnal sleep on 
the consolidation of a complex gross motor adaptation task for lower limbs. The authors 
discussed that sleep, in this case, was used to erase memories that were not relevant to 
real-life activities, forgetting new tasks which are irrelevant. Even if in this case sleep did 
not promote savings, it seems that diurnal sleep spindles and rapid eye movement sleep 
have a vital role in protecting everyday needed skills (Hoedlmoser, Birklbauer et al. 
2015). Therefore, the literature describes different contributions of sleep for motor 
adaptation tasks for upper and lower limbs. We did not investigate the exact structures 
involved in the consolidation process of this particular locomotor adaptation task, but 
previous studies described that that spatial control might involve the intermediate 
cerebellar circuit and its connections to the cerebrum. On the other hand, temporal 
control could use the midline cerebellar circuit and its connections to the midbrain and 
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brainstem (Malone and Bastian 2010). In our study, sleep played an active role in savings 
considering the variable step length asymmetry. 
Concluding the two experimental paradigms, locomotor sequence learning and 
locomotor adaptation provided important insights into the consolidation process. 
Nevertheless, it is challenging to characterize the dynamics of this process, because 
individuals learn to execute a task at different rates and strategies (Seidler, 2010). Many 
of the brain areas are active during motor learning and motor execution, misleading the 
exact function of each area. Also, activation of these areas may change according to the 
type of motor learning, nature of the task, task specifications, stimulus and learning 
phase, among other factors (Doyon & Benali, 2005). Our research might have helped 
these questions, providing more evidence about the mechanism that may be involved in 
learning the consolidation of different motor tasks. 
6.2 Limitations and future directions 
 The understanding of mechanisms related to motor learning has increased 
significantly in recent years, and its translation to clinical intervention is one of the most 
valuable results for patients. The development of new rehabilitation techniques depends on 
a better understanding of the different nervous system structures and mechanisms involved 
when learning motor tasks walking movements. This study provided relevant knowledge 
to build a robust scientific framework leading to effective clinical interventions and the 
establishment of precise targets. It is especially important to focus on the mechanisms 
involved in planning and controlling voluntary movements during walking, outlining the 
roles of the motor and perceptual features of learning. This knowledge helps the patient to 
predict the movement better and prepare for the next action, which can benefit day-to-day 
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function. Also, investigating the benefits of sleep to motor consolidation, can help 
clinicians to provide specific treatments for each patient according to their abilities and 
needs, leading to a more efficient recovery. Rehabilitation with patients does not end, even 
after practices ends. This study also provided suggestions for how clinicians can integrate 
sleep health in prevention, health promotion, and wellness interventions.  
These are necessary results to be interpreted in the rehabilitation context. Subjects learn 
and store many movement patterns, which can be selected according to the task demand 
and appropriate context (Bastian, 2008). During the rehabilitation process or laboratory 
experiment task, it is imperative to confirm if the subject is learning what has been 
practiced. Learning can be inferred from a person’s improvement of performance during a 
task, which results from practice or passage of time. The performance benefits can be 
observed along a task practice session (online effects) and between training (positive 
offline effects). The performance variables that can be used to ensure correct inferences 
about learning are improvement, consistency, stability, persistence, and adaptability 
(Magill, 2007). 
The ability to walk may be compromised after damage to structures of the neural system 
due to a spinal cord injury (SCI) or a stroke. Frequently, patients in rehabilitation have an 
altered neural control, leading to an inaccurate, slow or inefficient performance of the 
movement (Bastian 2008). Thus, a primary aim in the walking rehabilitation process is to 
teach the patient how to perform a movement again, recovering motor function, by 
incorporating motor learning principles into this process (Sawers, Hahn et al. 2012). Motor 
learning for upper limbs has been extensively studied, but motor leaning related to walking 
entails a more complex skill, which makes it difficult to compare. Walking involves the 
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activation of higher nervous systems structures, as well as, central pattern generators. Our 
results demonstrated that even in such an automatic activity, we found evidence that sleep 
enhances savings in both motor sequence learning and motor adaptation associated with 
walking. 
Our findings also highlighted the importance of investigating motor sequence learning and 
motor adaptation in the lower limbs to provide a valid scientific argument for the 
rehabilitation of patients with walking impairments. Studying lower limbs motor tasks 
associated with walking enable us to have more specific information, once walking is 
different in the sense that involves higher nervous system control and automaticity. 
Depending on these findings, consistent evidence of a particularly effective intervention or 
even a better assessment tool for motor and perceptual functions could be implemented in 
clinical rehabilitation settings. In addition to measuring the score to evaluate task learning, 
more detailed information about changes during the task performance could provide the 
time course and the pattern of learning. 
As shown in our results, clinicians should also be concerned about the schedule of exercises 
and screening for possible sleep disturbances. These are very common and occur in 
approximately one-third of the US population, and the Center of Disease Control has 
deemed insufficient sleep to be a public health problem (Duss, Brill et al. 2018). Health 
professionals involved in the rehabilitation of patients with walking impairments could 
screen for sleep disorders, for example, applying specific sleep questionnaires. This would 
help to enhance motor learning, optimizing motor learning consolidation. 
In the past years, the rehabilitation field has been investigating more in depth the 
importance of neuroplasticity, not only for neurological rehabilitation but also for 
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musculoskeletal rehabilitation. It appears that cortical processes influence aspects of 
recovery after an orthopedic injury. The brain is constantly responding to different stimuli, 
reorganizing and creating new connections. Our findings have shown that sleep can 
contribute to better efficacy, for example, learning new exercises during the rehabilitation 
session. Furthermore, creating stable long-term memories that will support a faster 
recovery of function. 
Finally, other factors related to the enhancement and consolidation of motor learning could 
be considered in the design of new studies on the lower limbs. How does structured practice 
optimize learning? Does aerobic exercise or sleep enhance consolidation? Which structures 
of the neuromotor system are involved in the learning process? Do different age groups 
(older adults or children) present different learning rates? Endeavors to answer all of these 
questions could provide new knowledge in the field of neurorehabilitation.  
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APPENDIX A 
 
PAR-Q & YOU QUESTIONNAIRE  
 
 
 
No changes permitted. You are encouraged to photocopy the PAR-Q but only if you use the entire form.
1. Has your doctor ever said that you have a heart condition and that you should only do physical activity 
recommended by a doctor?
2. Do you feel pain in your chest when you do physical activity?
3. In the past month, have you had chest pain when you were not doing physical activity?
4. Do you lose your balance because of dizziness or do you ever lose consciousness?
5. Do you have a bone or joint problem (for example, back, knee or hip) that could be made worse by a 
change in your physical activity?
6. Is your doctor currently prescribing drugs (for example, water pills) for your blood pressure or heart con-
dition? 
7. Do you know of any other reason why you should not do physical activity?
PLEASE NOTE:  If  your health changes so that you then answer YES to 
any of  the above questions, tell your fitness or health professional.   
Ask whether you should change your physical activity plan.
Regular physical activity is fun and healthy, and increasingly more people are starting to become more active every day.  Being more active is very safe for most 
people. However, some people should check with their doctor before they start becoming much more physically active.
If  you are planning to become much more physically active than you are now, start by answering the seven questions in the box below.  If  you are between the 
ages of  15 and 69, the PAR-Q will tell you if  you should check with your doctor before you start.  If  you are over 69 years of  age, and you are not used to being 
very active, check with your doctor.
Common sense is your best guide when you answer these questions.  Please read the questions carefully and answer each one honestly:  check YES or NO.
Talk with your doctor by phone or in person BEFORE you start becoming much more physically active or BEFORE you have a fitness appraisal.  Tell 
your doctor about the PAR-Q and which questions you answered YES.
• You may be able to do any activity you want — as long as you start slowly and build up gradually.  Or, you may need to restrict your activities to 
those which are safe for you. Talk with your doctor about the kinds of  activities you wish to participate in and follow his/her advice.
• Find out which community programs are safe and helpful for you.
PAR-Q & YOU
 ➔
Physical Activity Readiness
Questionnaire - PAR-Q  
(revised 2002)
DELAY BECOMING MUCH MORE ACTIVE:
• if you are not feeling well because of  a temporary illness such as 
a cold or a fever – wait until you feel better; or
• if you are or may be pregnant – talk to your doctor before you 
start becoming more active.
If  
you  
answered 
If  you answered NO honestly to all PAR-Q questions, you can be reasonably sure that you can:
• start becoming much more physically active – begin slowly and build up gradually.  This is the 
safest and easiest way to go.
• take part in a fitness appraisal – this is an excellent way to determine your basic fitness so 
that you can plan the best way for you to live actively. It is also highly recommended that you 
have your blood pressure evaluated.  If  your reading is over 144/94, talk with your doctor 
before you start becoming much more physically active.
NOTE:  If  the PAR-Q is being given to a person before he or she participates in a physical activity program or a fitness appraisal, this section may be used for legal or administrative purposes.
"I have read, understood and completed this questionnaire.  Any questions I had were answered to my full satisfaction."
  
Subject ID  _______________________________________________________________________________  DATE ______________________________________________________
  
Informed Use of  the PAR-Q:  The Canadian Society for Exercise Physiology, Health Canada, and their agents assume no liability for persons who undertake physical activity, and if  in doubt after completing 
this questionnaire, consult your doctor prior to physical activity.
(A Questionnaire for People Aged 15 to 69)
 YES NO
YES to one or more questions
NO to all questions
Note:  This physical activity clearance is valid for a maximum of 12 months from the date it is completed and  
becomes invalid if your condition changes so that you would answer YES to any of the seven questions.
© Canadian Society for Exercise Physiology  www.csep.ca/forms
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APPENDIX B 
MORNINGNESS-EVENINGNESS QUESTIONNAIRE 
 
  
MORNINGNESS-EVENINGNESS QUESTIONNAIRE 
Self-Assessment Version (MEQ-SA)1 
 
 
Name: _____________________________  Date: ________________________ 
 
 
For each question, please select the answer that best describes you by circling the point 
value that best indicates how you have felt in recent weeks. 
 
1. Approximately what time would you get up if you were entirely free to plan your day? 
 
[5] 5:00 AM–6:30 AM (05:00–06:30 h) 
[4] 6:30 AM–7:45 AM (06:30–07:45 h) 
[3] 7:45 AM–9:45 AM (07:45–09:45 h) 
[2] 9:45 AM–11:00 AM (09:45–11:00 h) 
[1] 11:00 AM–12 noon (11:00–12:00 h) 
 
2. Approximately what time would you go to bed if you were entirely free to plan your 
evening? 
 
[5] 8:00 PM–9:00 PM (20:00–21:00 h) 
[4] 9:00 PM–10:15 PM (21:00–22:15 h) 
[3] 10:15 PM–12:30 AM (22:15–00:30 h) 
[2] 12:30 AM–1:45 AM (00:30–01:45 h) 
[1] 1:45 AM–3:00 AM (01:45–03:00 h) 
 
3. If you usually have to get up at a specific time in the morning, how much do you 
depend on an alarm clock? 
 
[4] Not at all 
[3] Slightly 
[2] Somewhat 
[1] Very much 
                                                
1Some stem questions and item choices have been rephrased from the original instrument (Horne and Östberg, 1976) to 
conform with spoken American English.  Discrete item choices have been substituted for continuous graphic scales.  Prepared 
by Terman M, Rifkin JB, Jacobs J, White TM (2001), New York State Psychiatric Institute, 1051 Riverside Drive, Unit 50, 
New York, NY, 10032.  January 2008 version.  Supported by NIH Grant MH42931.  See also: automated version (AutoMEQ) 
at www.cet.org.  
 
Horne JA and Östberg O. A self-assessment questionnaire to determine morningness-eveningness in human circadian rhythms.  
International Journal of Chronobiology, 1976: 4, 97-100. 
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APPENDIX C 
PITTSBURGH SLEEP QUALITY INDEX (PSQI)
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APPENDIX D 
STANFORD SLEEPINESS SCALE 
 
9/24/2017 Stanford Sleepiness Scale
https://web.stanford.edu/~dement/sss.html 1/1
Stanford Sleepiness Scale
This is a quick way to assess how alert you are feeling. If it is during the day when you go about your
business, ideally you would want a rating of a one. Take into account that most people have two peak times
of alertness daily, at about 9 a.m. and 9 p.m. Alertness wanes to its lowest point at around 3 p.m.; after that it
begins to build again. Rate your alertness at different times during the day. If you go below a three when you
should be feeling alert, this is an indication that you have a serious sleep debt and you need more sleep.
An Introspective Measure of Sleepiness
 The Stanford Sleepiness Scale (SSS)
Degree of Sleepiness
Scale
Rating
Feeling active, vital, alert, or wide awake 1
Functioning at high levels, but not at peak; able to
concentrate
2
Awake, but relaxed; responsive but not fully alert 3
Somewhat foggy, let down 4
Foggy; losing interest in remaining awake; slowed
down
5
Sleepy, woozy, fighting sleep; prefer to lie down 6
No longer fighting sleep, sleep onset soon; having
dream-like thoughts
7
Asleep X
    136 
 
APPENDIX E 
SLEEP DIARY 
 (Adapted from National Sleep Foundation) 
Participant ID: ___________ 
Start date: ___/___/___ 
 Day 1 
___/___/___ 
Day 2 
___/___/___ 
Day 3 
___/___/___ 
I went to bed last night at:    
I got out of bed this morning at:    
Last night I felt sleep: 
Easily, after some time, very difficult 
   
I woke up during the night (# times)    
When I woke up I felt: 
Refreshed, somewhat refreshed, fatigued 
   
I consumed caffeinated drink in the: 
(M)orning/(A)fternoon/(E)vening/(NA) 
(M/A/E/NA): 
How many? 
(M/A/E/NA): 
How many? 
(M/A/E/NA): 
How many? 
Medications I took today    
I exercised at least 20 min in the: 
(M)orning/(A)fternoon/(E)vening/(NA) 
   
Took a nap during the day: 
(M)orning/(A)fternoon/(E)vening/(NA) 
(Yes/No): 
How long? 
(Yes/No):  
How long? 
(Yes/No): 
How long? 
Approximately 2-3 hours before go to bed, I 
consumed: (Alcohol, heavy meal, caffeine, NA) 
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